THE ROLE OF NMDA RECEPTOR

CO-AGONISTS IN DENDRITIC INTEGRATION

Dissertation
zur
Erlangung des Doktorgrades (Dr. rer. nat.)
der
Mathematisch-Naturwissenschaftlichen Fakultat
der

Rheinischen Friedrich-Wilhelms-Universitiat Bonn

vorgelegt von
Kirsten Bohmbach
aus

Stade

Bonn, Juli 2020



Angefertigt mit Genehmigung der Mathematisch-Naturwissenschaftlichen Fakultat der

Rheinischen Friedrich-Wilhelms-Universitat Bonn

1. Gutachter: Professor Dr. Christian Henneberger
Institut fiir Zellulare Neurowissenschaften

Universitit Bonn

2. Gutachter: Professor Dr. Michael Hofmann
Institut fiir Zoologie

Universitit Bonn

Tag der Promotion: ~ 27.]Januar 2021

Erscheinungsjahr: 2021



Sit down before fact as a little child,
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ABSTRACT

The integration of synaptic inputs is the fundamental function of neurons. This integration does
not only take place at the soma, but also dendrites can actively shape the input-output
computations of a neuronal network. In the CA1 region of the hippocampus, dendrites of
pyramidal cells integrate inputs either linear or, under specific circumstances, supralinear. For
instance, synchronous, spatially clustered inputs at apical oblique dendrites have been shown to
evoke dendritic spikes. Likewise, specifically timed activation of Schaffer collateral and perforant
path fibers results in large dendritic plateau potentials. These two types of nonlinear integration
are highly dependent on NMDA receptor recruitment. Glutamate uptake and dynamic supply of
co-agonists can modulate NMDA receptor recruitment. Astrocytes take up the majority of the
released glutamate. Moreover, they are one possible source of NMDA receptor co-agonists. In
astrocytes, the release of gliotransmitters, such as the NMDA receptor co-agonist D-serine, is
evoked by calcium transients.

With my thesis, | aim to unravel the role of astrocytes in different types of dendritic integration
through modulation of glutamate uptake or NMDA receptor co-agonist supply. Furthermore, the
recruitment and relevance of astrocytic, calcium-dependent, dynamic supply of D-serine under
behaviorally relevant activity patterns were explored. Conclusively, the consequence of
disrupting dynamic co-agonist supply on learning and memory in vivo was investigated. To this
end, whole-cell patch clamp recordings in combination with microiontophoretic glutamate
application, electrical stimulation and two-photon excitation fluorescence microscopy as well as
behavioral experiments were used.

My data showed that glutamate uptake in the CA1 region of the hippocampus was more tightly
regulated at small compared to large spines. Accordingly, the probability of evoking a dendritic
spike was increased at the latter. Moreover, my results indicated that local dendritic integration
can be modulated by exogenous co-agonists but also through cannabinoid-evoked astrocytic
calcium transients that induce the release of endogenous NMDA receptor co-agonist.
Endocannabinoids can be mobilized through neuronal depolarization. In my experiments, I
therefore used axonal stimulation of CA1 pyramidal cells at different frequencies to investigate
whether endogenously mobilized cannabinoids could modulate dendritic integration.
Endocannabinoids evoked a similar effect on the integration as exogenous cannabinoids or direct
NMDA receptor co-agonist application. I demonstrated that this modulation depends on CB1
receptors and the release of the NMDA receptor co-agonist D-serine. The data showed an
unexpected dependency of the frequency of neuronal activation on the dendritic integration.
Typically, the mobilization of endocannabinoids is increased with increasing depolarization and
action potential number. Interestingly, the opposite was observed. While action potentials
evoked at a frequency of 10 Hz increased the threshold and amplitude of dendritic spikes, axonal
stimulation at 40 Hz did not. Additional experiments revealed that hyperpolarization-activated
cyclic nucleotide-gated (HCN) channels, which are known for the relevance in establishing the
neuronal resonance, are required for the frequency-dependent modulation of dendritic
integration. Importantly, specific knock-out of CB1 receptors in astrocytes disrupted the positive
feedback loop and resulted in selective impairment of spatial reversal learning in a passive place
avoidance task and altered long-term object recognition and location memory. Astrocytic calcium
transients are the key step in linking neuronal activity to the release of D-serine. To gain a better
understanding of these astrocytic calcium transients, the relationship between the pre-event
baseline and the peak or amplitude calcium concentration was investigated. Spontaneous and



evoked astrocytic calcium transients were monitored in situ and in vivo by two-photon excitation
microscopy. These experiments revealed an overall positive relationship between the pre-event
baseline and the peak calcium concentration. Contrastingly, the transient’s amplitude and the
pre-event baseline concentration correlated negatively with each other. While influx of
extracellular calcium mediated the former, the latter was depending on store-dependent calcium
release. This relationship poses interesting possibilities on how the intracellular calcium
concentration of astrocytes could shape the release of gliotransmitters and synaptic
transmission.

My thesis revealed a previously unknown, behaviorally relevant, frequency-dependent positive
feedback loop that links pyramidal cell activity to their dendritic integration. Through
endocannabinoid mobilization and astrocytic calcium transients, a subsequent increase in D-
serine is evoked. D-serine in turn increases the recruitment of NMDA receptors and hence,
promotes supralinear dendritic integration through a decreased threshold and increased
amplitude of dendritic spikes. The findings not only expand our understanding of astrocytic
glutamate clearance and astrocytic calcium transients but also underline the importance of
astrocytes for learning and memory through gliotransmission.
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Introduction

1 INTRODUCTION

Every day, we are confronted with ever changing circumstances and surroundings. In order to
respond to new situations appropriately, our brains need to be able to update our assessments
and adjust our behavioral responses accordingly. This requires a high degree of flexibility.
Existing experiences and knowledge need to be applied to new situations. For example, when
your favorite shop moves into another street in town, the existing positive memory needs to be
connected with the new spatial information. In other words, prior formed memories need to be
associated with new sensory cues to result in the appropriate behavioral response. The
hippocampus, a highly specialized region in our brain, plays a crucial role in learning, memory
and the association of features that define the context. My thesis aimed to increase our
understanding of how input integrations in the hippocampus are shaped. Therefore, I
investigated how astrocytes can modify certain neuronal computations and ultimately, identified
the behavior that this requires.

1.1 THE HIPPOCAMPUS

1.1.1 ANATOMICAL STRUCTURE

The hippocampus is a highly conserved brain region located in the medial temporal lope. It has a
dorsal (the most rostral part) and a ventral part (the most caudal part). While the dorsal part is
thought to be most important for spatial navigation (Moser et al., 1993, 1995), the ventral part
has been implicated in emotional learning (Henke, 1990; Kjelstrup et al., 2002). The functional
system containing the hippocampus is known as the hippocampal formation (Figure 1.1). It
consists of three main substructures: the dentate gyrus, the hippocampus proper and the
subiculum (Amaral and Lavenex, 2007). The hippocampus proper, also called cornu ammonis
(CA), can be further separated in three distinct regions: CA1, CA2 and CA3 (Lorente De N6, 1934).
The functional relevance in the formation of memory and unique structural properties of the
hippocampal formation have made it one of the most well-studied systems of the brain. While the
cerebral cortex has a multi-layered organization with reciprocal connection, each region of the
hippocampal formation has a single principal cell layer with distinct, unidirectional-connected
intrinsic networks (Amaral and Lavenex, 2007). This neuroanatomical organization allows
researching the features of each network separately.

AN ECII
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Figure 1.1. Schematic overview of the trisynaptic circuit. The dentate gyrus (DG) granule cells receive input via the perforant path
from neurons of the entorhinal cortex layer two (EC II). Its axons, the mossy fibers, emanate from the DG to pyramidal cells in CA3.
CA3 neurons in turn innervate CA1 pyramidal cells via the Schaffer collaterals. Additional inputs onto CA1 pyramidal cells originates
from layer three neurons in the EC (EC III). The circuit ends with axons from CA1, terminating in the subiculum (Sub) or the deep
layers of the EC (deep EC).
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The main information path through the hippocampal formation has been described as a the
trisynaptic circuit (Figure 1.1; Andersen et al., 1971). The first synaptic connection is formed
between neurons of the entorhinal cortex layer 2 and the principal cell layer of the dentate gyrus
granule cells along the perforant pathway. The granule cell axons travel along the mossy fiber
pathway to innervate CA3 pyramidal cells, the second synaptic connection. The third connection
is formed between CA3 and CA1 pyramidal cells by the Schaffer collateral fibers. The CA1 was
thought to be the main output structure, with axons innervating the deep layers of the entorhinal
cortex and the subiculum. While this pathway might describe the main information route through
the hippocampal formation, it has been established that the circuit is far more complex (Amaral
and Lavenex, 2007; Amaral and Witter, 1989). Next to the trisynaptic pathway, CA3 and CA1l
receive direct inputs from the entorhinal cortex along the perforant path. While the entorhinal
cortex and the subiculum are the major input and/or output structures, there are additional,
mainly neuromodulatory inputs from and/or outputs to the neocortex, amygdaloid complex,
basal forebrain, hypothalamus, brain stem and the thalamus. Furthermore, associational,
commissural and longitudinal fibers from CA3 and CA2 innervate hippocampus proper.

1.1.2 THE CA1 MICROCIRCUIT

The CA1 region of the hippocampal formation has been studied extensively because of its
importance in memory encoding and the ease of obtaining intra- and extracellular recordings
from this network. Therefore, a tremendous amount of knowledge on synaptic transmission,
integration and plasticity derives from the CA1 microcircuit. Like the other CA regions, CA1 is
structured into several morphological distinct strata (Amaral and Lavenex, 2007). The pyramidal
cell nuclei are densely packed in the stratum pyramidale (SP) from where they send their basal
dendrites to the stratum oriens (SO) and one to two apical trunk dendrites to the stratum
radiatum (SR) (Figure 1.2). The apical trunk dendrite gives rise to two sets of small dendrites:
oblique branches in the stratum radiatum (proximal apical) and tuft branches in the stratum
lacunosum moleculare (SLM, distal apical). Each stratum receives inputs from different
structures. While the tuft dendrites in the stratum lacunosum moleculare are mainly innervated
by entorhinal cortex layer 3 neurons (Andersen et al, 1966; Steward, 1976) and thalamic
projections (Dolleman-van Der Weel and Witter, 1996), oblique branches in the stratum radiatum
and basal dendrites in the stratum oriens receive their major input from the Schaffer collateral
fibers. CAl pyramidal cells (PC) have a single axon that emerges from the soma or a basal dendrite
(Thome et al., 2014). It then passes through the stratum oriens to the alveus, from where it
continues to its various target regions.

CA1 PCs receive their excitatory inputs onto small protrusions on their dendrites, so-called
spines. The shape of these spines can vary (Harris et al.,, 1992). For example, thin spines are
elongated protrusions with only small heads. Mushroom spines, on the other hand, have a large
head and a narrow neck. In total, a CA1 PC has several ten thousand spines (Megias et al,, 2001),
which are not evenly distributed along the strata. The overall density of spines is the highest in
the stratum oriens and stratum radiatum, and the lowest in the stratum pyramidale. Since the
total dendritic length in the stratum radiatum is longer than in the stratum oriens, more than half
of all spines are located in the stratum radiatum.

Approximately 10 % of the cells found in CA1 are GABAergic interneurons (Aika et al.,, 1994;
Woodson et al,, 1989). Inhibitory synapses are usually formed symmetrically, targeting the
dendrite, soma or axon directly. Albeit the low number, a large variety of GABAergic neurons can
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be found within the CA1 microcircuit (for review see Klausberger and Somogyi, 2008; Somogyi
and Klausberger, 2005). Interneurons are classified based on their target region and expression
of certain marker proteins, resulting in at least 21 different types (Klausberger and Somogyi,
2008). Inhibition is distributed differently along the dendritic tree of pyramidal cells than
excitation. While the soma and axon receive no excitatory innervation, they are targeted by
basket and axo-axonic cells, respectively. Distinct subtypes of dendritic-targeting interneurons
modulate the inputs into the microcircuit differentially. Inhibition of Schaffer collateral inputs in
the stratum oriens and radiatum is performed by bistratified or ivy cells. However, some basket
cells target proximal dendrites, too. Oriens-lacunosum moleculare (OLM) cells modulate
perforant path inputs but are themselves inhibited by interneuron-specific interneurons
(Chamberland et al,, 2010; Tyan et al., 2014). Moreover, a variety of long-range inhibition from
other brain regions are present in the CA1 microcircuit (Klausberger and Somogyi, 2008; Melzer
etal, 2012).

Figure 1.2. Schematic of the CA1 microcircuit. The nucleus of CA1 pyramidal cells is located in the stratum pyramidale (SP). One
or two apical trunk dendrites are sent to the stratum radiatum (SR) and further ramify into the apical oblique dendrites, innervated
by CA3 neurons (turquoise fibers), and the apical tuft dendrites in the stratum lacunosum moleculare (SLM), innervated by the
entorhinal cortex (EC, blue fibers). Basal dendrites in the stratum oriens are innervated by fibers from CA3. The axons of CAl
pyramidal cells are located basally and travel through the alveus (A) to the subiculum (Sub) or EC. Astrocytes can be found throughout
all strata (red).

In addition to the neurons, glial cells are present in the CA1 microcircuit. Glial cells in the central
nervous system can be subdivided into different types with distinct functions. In the brain, the
three major classes of glial cells are oligodendrocytes, microglia and astrocytes. Oligodendrocytes
are mainly found in the white matter, where they create myelin sheaths to insulate axons.
Microglia are the immune cells of the brain. Astrocytes are the most abundant type of glial cells
in the hippocampus. Across strata, their number slightly differs (Ogata and Kosaka, 2002). They
are densely packed in the stratum lacunosum moleculare and sparser in the stratum pyramidale.
In the stratum radiatum of CA1 they are evenly distributed and each of them occupies its own
territory (Bushong et al., 2002). With their fine processes they are in close proximity to neuronal
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synapses (Gavrilov et al, 2018; Ventura and Harris, 1999; Wolff, 1968). Owing to their
electrically-passive nature, it was long thought that astrocytes are mainly supporting neurons by
clearance of neurotransmitters, ion homeostasis and metabolic support (Kuffler, 1967). However,
more recent findings show that astrocytes play a more active role and can modulate neuronal
transmission (for a detailed description of astrocytes see section 1.3).

1.1.3 MEMORY AND PLASTICITY

The hippocampus, and with it the CA1 microcircuit, exerts a central role in the encoding and
storage of new memories. However, memory processed by the hippocampus is not omnifarious.
In general, three types of memory are distinguished: sensory, short-term and long-term memory.
Sensory memory is a very short-lasting memory of sensory input, e.g., visual, auditory or tactile.
It allows to transfer and integrate relevant sensory information to short-term memory even if the
relevance is realized shortly after the input. Accordingly, we are able to recall a row of four letters
even though we have only seen them for a fraction of a second (Sperling, 1960). Short-term
memory is often called working memory since it describes the temporal storage of information
required to fulfill complex tasks (Baddeley, 1992). Long-term memory, as the name describes,
refers to long-term storage of information ranging from hours to a lifetime. Two main types,
declarative and non-declarative memory, can be distinguished and are stored differentially in the
brain (Brem et al., 2013). Implicit, non-declarative memory refers to unconscious memory and is
further divided into several subtypes. Procedural memory is one subtype. It stores, for instance,
the motor sequence required for playing a certain piano piece. Another subtype is associative
memory, which links one stimulus to a related one, as studied in classical Pavlovian conditioning.
Habituation, sensitization and priming are further subtypes of unconscious memory. Depending
on the subtype, implicit memory is stored in the cerebellum, striatum, neocortex or the limbic
system. Declarative, explicit memory refers to memories that are formed about the environment.
Facts and meanings without further context are termed semantic memory, while experiences and
contextual memory are termed episodic memory. Observations made on patients with brain
damage have established a major role of the hippocampus in declarative memory (Scoville and
Milner, 1957). The most famous patient is “H.M”. As a treatment of his severe epilepsy, he received
a temporal lobectomy, meaning a complete removal of the hippocampus and surrounding cortical
areas. After the surgery, he had no more seizures. Thereafter, however, he suffered from an
inability to form new memories. The removal of the hippocampus is thought to be the cause of
this defect.

ENCODING OF MEMORY THROUGH PLASTICITY

How are memories encoded? The output pattern of a network is based on specific input patterns.
Hence, encoding of memories could be represented by alteration of the input-output
transformation of network connection. This will lead to altered output of the network that are
thought to enable appropriate behavior. This basic principle underlying plasticity, known as the
Hebbian theory, has been postulated seventy years ago:

“When an axon of cell A is near enough to excite a cell B and repeatedly or persistently takes
part in firing it, some growth process or metabolic change takes place in one or both cells
such that A's efficiency, as one of the cells firing B, is increased.”

(Hebb, 1949)
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Several studies have recapitulated the effect of hippocampectomization in rodents, making them
the appropriate model for experimental investigations of the cellular mechanisms of memory.
However, owing to the lack of suitable experimental setups, it was only in the late 60s and early
70s that Bliss and Lomo (1973) observed the first long-term changes in synaptic transmission.
High frequency stimulation of perforant path axons led to hours-long changes in the dentate
gyrus of anaesthetized rabbits. Specifically, they observed an increase in the population
excitatory postsynaptic potentials (EPSPs) and the population spike. This means not only
potentiation of the synaptic input but also an enhanced somatic excitability of the dentate gyrus
granule cells is induced. This phenomenon has been termed long-term potentiation (LTP) and
has been used to investigate the effects of thousands of compounds and conditions on memory
formation at a cellular level ever since. LTP is not a phenomenon that is restricted to the
hippocampus. It is rather a term describing a variety of processes in different brain regions that
result in long-term alterations of synaptic transmission (for review Malenka and Bear, 2004).
Thus, LTP has been described to underlie simple associative learning, a form of intrinsic memory
formation (Maren, 2005; McKernan and Shinnick-Gallagher, 1997; Rogan et al., 1997).

LTP in the CA1 region of the hippocampus was first described in acute guinea pig brain slices in
1975 (Schwartzkroin and Wester, 1975). This approach was then used to study the underlying
mechanism in detail and thereby, unraveling the key features already postulated by Hebb: input
specificity, associativity, cooperativity and persistence. At a cellular level this means postsynaptic
depolarization and presynaptic glutamate need to coincide to activate NMDA receptor-dependent
calcium influx (Ascher and Nowak, 1988; Collingridge et al., 1983; Gustafsson et al., 1987; Kelso
et al,, 1986; Lynch et al,, 1983; MacDermott et al., 1986; Malinow and Miller, 1986; Mayer et al.,
1984; Morris et al., 1986; Nowak et al., 1984). Intracellularly, the influx of calcium activates
signaling cascades that result in altered AMPA receptor expression and changes in spine
morphology. Using single spine two-photon uncaging, it was discovered that repetitive activation
of a single spine results in morphological changes (Matsuzaki et al., 2004). While the stimulated
spine is turned into a large mushroom spine, the morphology of neighboring spines was
unaltered. This suggests that spine morphology indicates a physical trace of memory. The
morphological adaptations are accompanied by an increase in AMPA receptor-mediated current,
indicating an increase in number and/or posttranslational modification of the receptor (Boehm
etal, 2006; Kopec et al., 2006; Lee et al., 2000, 2003; Matsuzaki et al., 2004; Okamoto et al., 2004;
Patterson et al, 2010). Calcium/calmodulin-dependent protein kinase II (CaMKII) and
calmodulin have been shown to be key regulatory proteins in this process by linking the calcium
influx to structural adaptations (Barria et al, 1997; Faas et al., 2011; Hayashi et al., 2000;
Kristensen et al., 2011; Lee et al., 2009; Lu et al., 2010; Opazo et al., 2010; Otmakhov et al., 2004;
Tomita et al., 2005). During the late phase of LTP (several hours after induction) adaptation of
the local protein synthesis can be observed (Fonseca et al,, 2006; Frey et al., 1993; Govindarajan
etal, 2011; Stanton and Sarvey, 1984).

Opposed to LTP, long-term depression (LTD) describes the long-lasting decrease in synaptic
strength. Several types of LTD, among the major forms mediated by either NMDA receptor or
metabotropic glutamate receptors (mGluRs), have been described. Depending on the receptor’s
location, different downstream effectors are suggested. Postsynaptic LTD relies, as LTP, on
calcium dependent signaling through CaMKII and calmodulin (Barria et al., 1997; Coultrap et al,,
2014; Lee et al., 1998, 2000; Okamoto et al., 2004; Snyder et al., 2001; Tomita et al., 2005; Xiao et
al, 2001). In contrast to LTP, however, the result is a decrease of AMPA receptor conductance
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through a decrease in receptor density and altered kinetics by posttranslational modifications.
Presynaptic LTD is the result of a long-term suppression of glutamate release (Enoki et al., 2009;
Faas et al., 2002; Fitzjohn et al., 2001; Watabe et al., 2002). Heterosynaptic LTD is a subtype of
presynaptic LTD, in which presynaptic release is inhibited through retrograde endocannabinoid
signaling (details in section 1.1.5; Yasuda et al., 2008). Investigating protocols inducing long-term
alterations in synaptic efficacy reveled a striking dependence of the spike timing and order in
determining potentiation or depression. While presynaptic input preceding or timed together
with postsynaptic depolarization induced LTP, reversing the input sequence lead to LTD.
Furthermore, a precise time-interval between pre- and postsynaptic activation is required,
leading to the name: spike-timing-dependent plasticity (STDP; Song et al., 2000).

1.1.4 THE ROLE OF NMDA RECEPTORS IN PLASTICITY

NMDA receptor recruitment is a crucial step in many types of synaptic plasticity. The NMDA
receptor (Figure 1.3) is a heteromeric complex formed out of different subunits, e.g., two GluN1
and two GluN2 subunits (Salussolia et al., 2011). Binding of its ligands, glutamate and additionally
one of the co-agonists D-serine or glycine, results in opening of the channel pore (Johnson and
Ascher, 1987; Kleckner and Dingledine, 1988; Kolhekar et al., 1994; Matsui et al., 1995; Mothet et
al,, 2000; Paoletti and Neyton, 2007; Vyklicky et al., 1990). However, for current flow through the
channel pore, depolarization is necessary to relieve the otherwise present magnesium block
(Ascher and Nowak, 1988; Mayer et al., 1984; Nowak et al., 1984). Only when ligand binding
coincides with depolarization, sodium and calcium influx as well as potassium efflux can take
place. Therefore, the magnesium block meets a requirement of Hebbian plasticity as it makes
coincidence detection of presynaptic and postsynaptic activity possible. But other biophysical
characteristics are important for the role of NMDA receptors in learning and memory, too.
Compared to AMPA receptors, NMDA receptors display rather slow kinetics owing to the slow
glutamate unbinding (Forsythe and Westbrook, 1988). Therefore, AMPA receptors provide rapid
depolarization while NMDA receptors mediate its duration. Accordingly, NMDA receptors set the
interval that allows summation of synaptic input. Another distinct property of NMDA receptors
is its permeability for calcium (MacDermott et al, 1986). This calcium influx allows the
interaction with calcium-dependent enzymes that are required for the induction of LTP or LTD.

But how can the same receptor regulate two opposing mechanisms? Their subcellular location
has been suggested as one important factor. NMDA receptors can be found within the synapse,
but also at extrasynaptic sites. The latter means on dendrites, the spine neck, or at perisynaptic
sites, e.g., within 100 nm of the release site (Harris and Pettit, 2007; Petralia et al., 2010).
Typically, synaptic receptors are activated during low frequency presynaptic activity (Harris and
Pettit, 2007) while extrasynaptic NMDA receptors are activated by elevated levels of ambient
glutamate (Fleming et al., 2011; Meur et al., 2007; Moldavski et al., 2020), glutamate released by
astrocytes (Fellin et al., 2004) or glutamate spill-out from the synapse (Kullmann et al., 1999;
Rusakov and Kullmann, 1998). Moreover, different downstream effector pathways have been
described for the different locations. While synaptic receptors are thought to promote survival
through activation of calcium/CREB signaling and suppression of apoptosis, extrasynaptic ones
suppress the former and activate the latter (Hardingham et al., 2002). Furthermore, plasticity is
proposed to be steered by the activation of distinct receptor pools. In the cortex, increasing
glutamate spill-out out of the synapse and hence, increasing the activation of extrasynaptic NMDA
receptors, resulted in the induction of LTD (Massey et al., 2004). However, another study has
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suggested that in the hippocampus LTP can be induced through extrasynaptic NMDA receptors
(Yangetal., 2017).
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Figure 1.3. Schematic of the NMDA receptor. The NMDA receptor requires several criteria to be met for pore opening: (1) Glutamate
binding; (2) Co-agonist binding of D-serine or glycine; (3) Relief of the magnesium block through depolarization. Only if all three
requirements are fulfilled at the same time (coincidence detection) influx of sodium and calcium as well as efflux of potassium ions
occures.

In addition, the subunit composition of NMDA receptors influences its channel properties and has
been proposed to influence plasticity differentially. Neurons in the hippocampus predominantly
express di- and tri-heteromeric receptors containing the GluN1, GluN2A and/or GluN2B subunit
(Ascher and Nowak, 2009; Paoletti and Neyton, 2007). Especially the GluN2 subunit is crucial in
determining many biophysical properties and channel kinetics of the NMDA receptor. Receptors
containing the GluN2B subunit display a higher affinity for and slower unbinding of glutamate
(Paoletti, 2011). The magnesium unblock is slower, as well (Clarke and Johnson, 2006).
Accordingly, di-heteromeric GluN2A-GluN1-containing receptors display faster kinetics than
GluN2B-GluN1 containing ones (Rauner and Koéhr, 2011). Tri-heteromeric receptors show
intermediate kinetics. In addition, a differential affinity for the co-agonist glycine and D-serine
has been suggested (Matsui et al., 1995; Papouin et al., 2012), but the physiological relevance is
undetermined. Importantly, the interaction with downstream proteins differs between the GluN2
subunits. For example, the GluN2B subunit interacts more with CaMKII than the GluN2A one
(Barria and Malinow, 2005; Bayer et al., 2001). Owing to the distinct signaling of CaMKII during
LTP and LTD (Coultrap et al.,, 2014), a differential contribution of GluN2 subunits to plasticity has
been postulated. Some studies have suggested a selective involvement of the GluN2A subunit in
LTP and of the GluN2B subunit in LTD (Brigman et al,, 2010; Liu et al., 2004; Massey et al., 2004;
Papouin et al, 2012; Sakimura et al, 1995). However, a substantial amount of evidence
contradicts a strict subunit-dependent separation (Berberich et al., 2005; Clayton et al., 2002; von
Engelhardt et al., 2008; Miwa et al., 2008; Morishita et al., 2007; Tang et al., 1999; Wang et al,,
2009; Weitlauf et al.,, 2005). In line with the distinct interaction of the GluN2B subunit with
CaMKI], it was shown, that indeed the distinct C-terminus of the GIuN2 subunits is responsible
for the differential induction of plasticity (Foster et al., 2010). Accordingly, Foster et al. showed
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the importance of GluN2B for LTP. Interestingly, modelling of the charge transfer has predicted
the opposite (Erreger et al,, 2005). The slow kinetics of the GluN2B subunit have resulted a larger
contribution of this subunit during LTD induction. Vice versa, the GluN2A-dependent, faster
charge transfer has been enhanced during LTP induction. Furthermore, a distinct subcellular
distribution was suggested for the different NMDA receptor subunits (Stocca and Vicini, 1998).
However, others have failed to show this (Harris and Pettit, 2007). The contradicting results
concerning the association of a distinct receptor pools with distinct forms of plasticity suggest
rather complex interaction. Likely, the balance in recruitment of NMDA receptors at different
locations and/or the ratio of different subunits have been suggested to control induction of LTP
and LTD (Iacobucci and Popescu, 2017; Paoletti et al., 2013).

1.1.5 THE ROLE OF ENDOCANNABINOIDS IN PLASTICITY

Next to NMDA receptor-dependent LTP and LTD, endocannabinoids have been shown to evoke
long-term plastic changes in the hippocampus. Moreover, endocannabinoids also shape the basal
synaptic transmission in the CA1 microcircuit. Accordingly, their role of them in learning and
memory has been studied.

The knowledge of the psychoactive and medical properties of cannabis dates back several
thousand years (Touw, 1981). In Europe, the therapeutic potential of the plant was researched
already at the beginning of the 19t century (O’Shaughnessy, 1843). Nevertheless, it took until the
end of the 20t century to identify the first endogenous cannabinoid (Devane et al., 1992).
Nowadays, we distinguish between several endocannabinoids, although most research focuses
on two: anandamide (AEA) and 2-arachidonoylglycerol (2-AG). Each endocannabinoid has a
specific biosynthesis that is mediated by a cascade of several enzymes located at the postsynapse
(for review see Di Marzo, 2011). Common steps are the requirement of membrane depolarization,
elevation of the intracellular calcium concentration and/or activation of metabotropic receptors
(Kim etal., 2002; Neu et al,, 2007; Ohno-Shosaku et al., 2001; Varma et al., 2001). Degradation of
AEA and 2-AG is performed by fatty acid amide hydrolase (FAAH) or monoacylglycerol lipase
(MAGL) at the post- or presynapse, respectively (Gulyas et al., 2004; Straiker et al., 2009). More
recently, itis has been shown that also astrocytes mobilize and degrade endocannabinoids (Smith
etal., 2020; Viader et al., 2015).

Notably, endocannabinoids are produced on demand and are not stored in vesicles
(Hashimotodani et al, 2013). Nevertheless, the time course from stimulation to receptor
activation is considerably fast at physiological temperatures, namely 20-50 ms (Heinbockel et al.,
2005). Because of their lipophilicity it is presumed that endocannabinoids are mobilized by
diffusion through the membrane and can exert their action only locally on neighboring neurons
or astrocytes (Di Marzo et al., 1998; Piomelli et al., 2000), with an action range of approximately
10 pm (Chevaleyre and Castillo, 2003).

Once mobilized, endocannabinoids in the brain mainly bind to two G-protein coupled receptors,
the CB1 and CB2 receptor. Whereas the CB2 receptor shows weak expression in the brain
(Galiegue et al., 1995; Schatz et al,, 1997) that is confined to microglia (Carlisle et al., 2002;
Klegeris et al.,, 2003; Walter et al.,, 2003), CB1 receptors are expressed throughout the brain
(Herkenham et al, 1990), with a particularly high expression in the hippocampal CA1l
microcircuit (Liu et al., 2003). Here, the most prominent CB1 receptor expression can be found in
the presynaptic terminals of cholecystokinin (CCK)-positive GABAergic interneurons (Marsicano
and Lutz, 1999). CCK-positive cells show different morphologies and functional connections to
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CA1 pyramidal cells (Bezaire and Soltesz, 2013; Freund and Buzsaki, 1996). While CCK-positive
basket cells contact the soma and proximal dendrites of CA1 pyramidal cells with their axon,
other subtypes inhibit dendrites in the stratum radiatum or lacunosum moleculare. However,
independent of their morphology, CB1 receptors have been described in most subclasses of CCK-
positive interneurons (Ali, 2007; Ali and Todorova, 2010; Klausberger et al., 2005; Neu et al,,
2007; Pawelzik et al., 2002; Wilson et al., 2001). Expression of CB1 receptors has also been
described in excitatory boutons (Kawamura et al., 2006) and astrocytes (Bonilla-Del Rio et al,,
2019; Gutiérrez-Rodriguez et al.,, 2018; Han et al., 2012; Navarrete and Araque, 2008), albeit to a
lesser extent.

SHORT-TERM PLASTICITY

The most-well described mechanisms by which endocannabinoids influence neuronal
transmission in the CA1 microcircuit is depolarization-induced suppression of inhibition (DSI,
Alger et al., 1996; Pitler and Alger, 1992, 1994) and, to a lesser extent, depolarization-induced
suppression of excitation (DSE, Ohno-Shosaku et al., 2002). Notably, both forms of short-term
plasticity require retrograde signaling from the postsynapse to the presynapse. A depolarization
of the postsynaptic neuron results in an increase of the calcium concentration (Lenz and Alger,
1999; Lenz et al., 1998; Pitler and Alger, 1992; Wang and Zucker, 2001), which will stimulate the
production and mobilization of endocannabinoids (Ohno-Shosaku et al, 2002a; Wilson and
Nicoll, 2001; Wilson et al.,, 2001). In addition, activation of mGluRs or M1/M3 metabotropic
acetylcholine receptors (AChRs) can facilitate the mobilization of endocannabinoids (Edwards,
2005; Kim et al,, 2002; Martin and Alger, 1999; Ohno-Shosaku et al., 2002b, 2003; Varma et al.,
2001). At the presynapse, the Ggy-subunit of the CB1 receptor inhibit voltage gated calcium
channels (VGCC) (Brown et al., 2003; Hoffman and Lupica, 2000; Sullivan, 1999; Twitchell et al.,
1997; Wilson et al., 2001). Thereby, the presynaptic increase in calcium is reduced and the release
of neurotransmitters inhibited (Szabé et al., 2014). Notably, DSI is mainly observed for somatic
inhibition (Lee et al., 2010; Younts et al., 2013). Many experiments have tried to unravel the
endocannabinoid identity responsible for DSI and DSE. However, a large variety of
pharmacological and genetic approaches have resulted in contradicting results (Beltramo et al,,
1997; Chevaleyre and Castillo, 2003; Di Marzo, 2011; Edwards, 2005; Gao et al., 2010; Makara et
al,, 2005; Min et al,, 2010; Pan et al., 2009; Szabo et al., 2006). Nevertheless, direct measurements
of the 2-AG concentration in response to stimulation have strongly supported its role in DSI
(Tanimura etal., 2010). Moreover, the existence of a preproduced pool of 2-AG has been proposed
(Edwards, 2005; for review and discussion see Alger and Kim, 2011).

While the underlying mechanisms of DSI and DSE are well-characterized in vitro and in situ,
evidence for their recruitment in vivo has been mostly correlative. The use of CB1 receptor knock-
out animals does not permit the segregation of short and long-term plastic effects of
endocannabinoids. However, the stimulation patterns that evoke DSI could serve as an indication.
In hippocampal slices, the impact of DSI scales with number and frequency of postsynaptic APs
(Fortin et al., 2004). Hence, DSI could be evoked by short bursts that mimicking firing pattern of
CA1 pyramidal cells that are observed during behavioral experiments (Dubruc et al., 2013). The
resulting DSI has been postulated to shape spike-time precision during place cell formation.
While these findings strongly support a role of DSI in vivo, to my knowledge there is no evidence
that documents the occurrence of DSE under physiological conditions.
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LONG-TERM PLASTICITY

Endocannabinoids have been shown to mediate long-term plasticity in various brain regions and
by various mechanisms (for review see: Lutz and Marsicano, 2009; Xu and Chen, 2015). This
section will focus on three mechanisms observed in the hippocampus. Repetitive stimulation of
excitatory inputs has been shown to evoke heterosynaptic, presynaptic-form of LTD of inhibitory
inputs (iLTD) that depends on endocannabinoid signaling (Chevaleyre and Castillo, 2003;
Edwards et al.,, 2008; Kang-Park et al.,, 2007; Lafourcade and Alger, 2008; Zhu and Lovinger,
2007). Notably, endocannabinoid-evoked LTD of excitatory inputs is only observed during
development (Yasuda et al.,, 2008). Through the repetitive activation of postsynaptic mGluRs,
endocannabinoids are mobilized and through CB1 receptors trigger iLTD (Chevaleyre and
Castillo, 2003). In contrast to DSI, an increase in postsynaptic calcium is not necessary.
Accordingly, iLTD cannot be evoked for perisomatic inputs, likely caused by the lack of mGluRs.
Thus, iLTD is recruited solely in interneurons targeting dendrites in the stratum radiatum.
Interestingly, iLTD changes the input-output coupling in CA1 pyramidal cells and therefore, can
participate in the induction of heterosynaptic LTP in a frequency-dependent manner (Chevaleyre
and Castillo, 2003, 2004). Strikingly, the induction of iLTD is spatially restricted. Only with 10 um
of the stimulated spine, iLTD was observed. Likely, iLTD is, as DSI, mediated by the mobilization
of 2-AG (Xu et al, 2014). Another interesting heterosynaptic plasticity mediated by
endocannabinoids required dual pathway activation of CA1l. Low frequency activation of
entorhinal inputs to the stratum lacunosum moleculare results in mobilization of
endocannabinoids and depotentiation of Schaffer collateral inputs in the stratum radiatum that
previously have experienced LTP (Izumi and Zorumski, 2016, 2019). Next to endocannabinoids,
also signaling by dopamine, GABA and adenosine is required. This so termed LTP-D is thought to
provide a mechanism of synaptic resetting, since it does not influence basal transmission. Precise
pairing of Schaffer collateral with perforant path inputs could also result in plastic changes
selectively at the former. This heterosynaptic plasticity is termed input-timing-dependent
plasticity (ITDP) and depends on the delay between inputs to both pathways (Dudman et al,,
2007). Interestingly, the induction of ITDP requires iLTD of CCK-positive, Schaffer collateral-
associated interneurons mediated by endocannabinoids (Basu et al., 2013). In accordance with a
role of endocannabinoids in plasticity, substantial evidence of altered learning and memory has
been found (for review see Marsicano and Lafenétre, 2009). However, the diverse release
mechanisms, locations and signaling mechanisms of endocannabinoids do not allow distinction
of the underlying mechanism involved. One interesting recent finding, in contrast to many studies
in situ, describes the role of AEA in long-term potentiation in adult animals without involvement
of iLTD (Zimmermann et al., 2019). Through overexpression of the degrading enzyme fatty acid
amide hydrolase (FAAH), the concentration of AEA was decreased selectively in the
hippocampus. Interestingly, this has resulted in an increased magnitude of LTP without
influencing iLTD, excitatory LTD, DSI or DSE in slices. Furthermore, these mice displayed
impairment of spatial and aversive memory.

1.1.6 SPATIAL LEARNING AND MEMORY

Many experiments state the existence of LTP and LTD in vivo (Barrionuevo et al., 1980; Heynen
et al, 1996; Levy and Steward, 1979; Staubli and Lynch, 1990; Thiels et al., 1994, 1996).
Nevertheless, evidence that relates these plastic changes to behavioral output is mainly
correlative. Using the Morris water maze (MWM), a link between NMDA receptors, LTP and
spatial memory has been demonstrated. In this task, rodents need to escape a pool filled with
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opaque water by finding a hidden platform. While in the beginning the platform is discovered
through random navigation, repetition evokes learning of the platform’s location based on spatial
clues outside the maze (Morris, 1981; Morris et al.,, 1982, 1986). Spatial learning deficits can be
evoked through pharmacological blockade of NMDA receptors or intrahippocampal lesions
(Davis etal., 1992; Morris, 1989; Morris et al., 1982, 1986). The first regional specific results were
obtained using a genetically modified mouse, lacking the GluN1 subunit specifically in CA1 PCs.
These mice did not only exhibit learning deficits in the MWM (Tsien et al., 1996), but also showed
impaired place fields in CA1 (McHugh et al., 1996). In general, these results show the importance
of NMDA receptors in the hippocampus for spatial learning.

Place fields are another important advancement in understanding the underlying mechanism of
hippocampal learning and memory. By recording single cell responses in the freely moving rats,
O’Keefe identified different types of cells in the CA1 region based on distinct firing patterns
(O’Keefe, 1976; O’Keefe and Dostrovsky, 1971). Place cells fire action potentials (APs) only when
the animal is in a certain location in space independent of the exploratory behavior. The second
type of cells discovered, the displace cells, show firing patterns independent of the location of the
animal but rather seem to correlate with its motor behavior and rhythmic activity in the theta
range (O’Keefe, 1976). O’Keefe postulated that these cells encode some distance-related
parameter like acceleration or velocity. Based on these and other observations made, O’Keefe and
Nadel have proposed that the hippocampus functions as a cognitive map (O’Keefe and Nadel,
1978), an idea first introduced by Tolman (1948). However, this map is not limited to spatial
information, as a more recent study has shown that a map of social space is stored within the
hippocampus, too (Tavares et al., 2015). Therefore, the cognitive map represented in the
hippocampus is rather a topological than a geometrical map, based on its connectivity and not on
distances and angels (Dabaghian et al., 2014). Wilson and McNaughton (1993) have shown that
during exploration of a novel environment inhibition is suppressed. Moreover, they suggested
that the new spatial information creates a condition in which synaptic modifications are favored.
A decreased inhibition will also increase the signaling that has been suggested to underlie place
cell induction: behavioral timescale synaptic plasticity (Bittner et al.,, 2015; Grienberger et al,,
2017). Inputs from the entorhinal cortex can initiate dendritic plateau potentials (for detail see
section 1.2.4), resulting in an long-lasting depolarization spreading through the neuron
(Grienberger et al., 2014). Hence, excitatory inputs arriving simultaneously throughout the
dendritic arbor are potentiated (Bittner et al, 2015, 2017). A revisit to the same
location/situation is thought to recruit these inputs. However, these now potentiated input will
result in a larger, ramp-like depolarization and eventually recruit AP firing within the place field
of the cell (Bittner et al., 2015; Diamantaki et al., 2018; Epsztein et al., 2011; Harvey et al,, 2009).
While this form of plasticity does not meet the requirements postulated by Hebb, it allows rapid,
one trial learning as required for survival-related behavioral output.

Investigating the spatial learning abilities of rodents in the MWM or other tasks (for review see
Sharma et al., 2010) and recording place cell activity has led to a more detailed understanding of
the hippocampus in learning and memory, but also to contradicting results. Several studies have
suggested that hippocampal NMDA receptors are not universally required for spatial learning
(Bannerman et al,, 1995, 2003a, 2008, 2012; Cain et al., 1996; Jeffery and Morris, 1993; Korol et
al,, 1993; Saucier and Cain, 1995; Sutherland et al,, 1993). It is important to distinguish between
allocentric and egocentric spatial learning. While self-centered spatial learning does not require
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the hippocampus, spatial learning based on environmental cues does. Learning of the MWM task
can be achieved by both learning strategies, which can explain the contradicting results observed.

Changes in the environment cause rearrangement of place cells and fields in CA1 (Deshmukh and
Knierim, 2013; Lenck-Santini et al.,, 2005; Lever et al., 2010; Manns and Eichenbaum, 2009). In
these situations, the microcircuit seems to be in enhanced state, thus, allowing plastic changes in
synaptic transmission during novelty exploration (Larkin et al, 2014). In line with these
observations, it is suggested that the CA1 microcircuit of the hippocampus plays an important
role in integrating the current situation into already experienced ones (Brun et al., 2002; Lee et
al, 2004; Vago and Kesner, 2008). While CA3 sends on “known” information, i.e., memory
retrieval (Brun et al,, 2002; Larkin et al., 2014; Lee et al., 2004), the perforant path connections
are required for spatial novelty detection (Brun et al., 2002; Vago and Kesner, 2008). Accordingly,
dopamine, an important modulator of novelty detection, specifically has modifies inputs from the
latter (Vago and Kesner, 2008). Interestingly, a different contribution of LTP and LTD during the
exploration is also proposed. While a facilitation of LTP has been observed in simple but novel
environments, exploration of a novel, complex environment has enhanced LTD (Dong et al,,
2012; Goh and Manahan-Vaughan, 2013; Goh and Manahan-Vaughan, 2013; Kemp and Manahan-
Vaughan, 2004; Li et al, 2003). Accordingly, a relevance of the hippocampus in behavioral
flexibility is suggested (Mahut, 1971). This requires the adaptation of an existing memory to
incorporate new information. Interestingly, LTD has been implicated to play a prominent role in
behavior flexibility (Kim et al., 2011; Morice et al., 2007; Nicholls et al., 2008).

1.1.7 RHYTHMIC ACTIVITY AND OSCILLATIONS

The anterograde amnesia of the patient H.M after the removal of the temporal lobe suggests an
encoding of new declarative memories in the hippocampus (Scoville and Milner, 1957). However,
his previous memories were not affected. This suggests that long-term memory is stored
elsewhere in the brain. Therefore, coordinated activity along different brain regions will be
necessary to transfer the information. Synchronized neuronal activities, so-called oscillations, are
suggested to dynamically coordinate many cognitive functions and brain states (Buzsaki and
Draguhn, 2004; Engel et al., 2001; Klimesch, 1999). There are several oscillations, which can be
observed in the hippocampus. These oscillation have distinct frequency bands and differ with
respect to their behavioral relevance.

DELTA OSCILLATIONS

Delta oscillation (< 4 Hz) are mainly observed during non-REM sleep (McCormick and Bal, 1997).
While these oscillations are most prominent in the neocortex and thalamus (Neske, 2016), also
in the hippocampus delta oscillations are observed (Wolansky et al., 2006; Zhang et al,, 2012).
These are usually associated with a state of deactivation as present during sleep or anesthesia
(Wolansky et al., 2006). Interestingly, hippocampal delta oscillations during slow wave sleep
(SWS) have been shown to enhance memory performance (Marshall et al., 2006). Furthermore,
EEG recordings have shown an increase in delta power activity following a hippocampal-
dependent memory task (Binder et al.,, 2012). Moreover, the replay of previously experienced
behavior, e.g., place cell patterns, occurs mostly during SWS (Ji and Wilson, 2007). Accordingly,
SWS has been proposed to support the consolidation of hippocampal memories (Marshall and
Born, 2007).
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THETA OSCILLATIONS

Theta rhythm (4-10 Hz) is a highly regular activity that can be observed not only in the
hippocampus but throughout most of the brain (Canolty et al., 2006; Leung and Borst, 1987;
Mitchell and Ranck, 1980; Paré and Collins, 2000; Vertes et al., 2001). However, it is strongest in
the hippocampal fissure between dentate gyrus and CA1 (Winson, 1974). Two different types
defined by their sensitivity to atropine are distinguished (Kramis et al., 1975). Atropine-sensitive
type 2 theta has a low frequency and is not dependent on movement. It is often observed during
anesthesia or phases of immobility, e.g., decision points or predator-dependent freezing
(Sainsbury et al., 1987). Interestingly, type 2 theta can be induced by stimulation of OLM
interneurons in the ventral hippocampus. Varying the activity of OLM cells and, hence, type 2
theta power influenced risk-taking behavior and innate anxiety of mice (Mikulovic et al., 2018).
Type 1 theta is atropine-resistant. Its frequency is higher and correlates with the animal’s speed
of movement (Kramis et al., 1975; Vanderwolf, 1969). It is thought to put the hippocampus in an
active state necessary for memory functions (Buzsaki, 2002; Tanaka et al., 2018). The mechanism
is unclear. However, involvement of cholinergic activity via the medial septum/diagonal band of
Broca and excitation via entorhinal cortex are postulated to be necessary (Buzsaki, 2002; Mysin
et al, 2019). In the dorsal hippocampus especially cholinergic inputs to CA1 PCs and not
inhibitory neurons, as well as NMDAR activation in the entorhinal cortex have been essential in
setting the theta power during an open-field task and the performance in the Y-maze (Gu et al,,
2017).

Interestingly, neurons are more likely to respond to inputs at a distinct frequency, termed
resonance frequency (Hutcheon and Yarom, 2000). In CA1 PCs, the resonance frequency lies in
the theta band (Hu et al., 2002; Nolan et al., 2004). This frequency is determined by two distinct
mechanisms. On the one hand, the membrane time constant (tm) defines the low pass filtering
properties as it determines how fast the membrane potential can respond to these changes in
current. On the other hand, hyperpolarization-activated cyclic nucleotide-gated (HCN) and their
resulting h-current (I) form a high pass filter (Buzsaki and Draguhn, 2004; Hutcheon et al., 1996).
Owing to their slow activation and deactivation kinetics, HCN channels are not able to respond in
a timely manner to high frequency activations. However, low frequency inputs allow HCN
channels to open and counteract the depolarization. Accordingly, inputs at intermediate
frequencies have a high impedance (Zp) that results in the resonance peak.

BETA OSCILLATIONS

Beta-range activity (10-30 Hz) in the hippocampus has been be observed specifically during the
exploration of a novel environment (Berke et al.,, 2008). Interestingly, the power in beta activity
has been low during the first lap and increases strongly during the second. The more place cells
have become spatially selective, the more the power of beta oscillations has decreased. Hence,
the amount of beta-rage activity has dropped after only a couple of minutes. On a cellular level, it
has been suggested that hippocampal basket cells modulate beta oscillations (Bibbig et al., 2007;
Gurevicius et al., 2007). Also, the occurrence of beta activity and synchronization between
different brain regions could be revealed in different studies. It has been shown that reward
related memory paradigms enhance beta activity (Lansink et al., 2016; Mas-Herrero et al,, 2015).
In the hippocampus, this increase in beta band has been observed in a district subset of CA1 PCs
(Lansink etal., 2016). In line with a relevance of beta oscillations in the hippocampus during these
specific memory tasks, the neuronal activity in the ventral striatum has been specifically phase-
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locked to it. Furthermore, processing of odor information is commonly associated with beta
oscillations in CA1 (Allen et al,, 2016; Igarashi et al., 2014; Martin et al., 2007). Recently, it has
been shown that this activity not only occurs simultaneously with beta oscillations in the
olfactory bulb but is driven by it, suggesting a beta-rage activity-dependent communication
between the two brain areas (Lockmann et al., 2018).

GAMMA OSCILLATIONS

Gamma-range activity occurs more in burst-like pattern during certain theta phases (Canolty et
al, 2006; Colgin et al.,, 2009; Lisman and Idiart, 1995; Soltesz and Deschénes, 1993; Stumpf,
1965). Not the whole population of CA1 PCs fires at gamma frequency, rather small subsets of
neurons participate in these burst-like patterns (Jensen and Colgin, 2007; Lisman and Idiart,
1995; Senior et al., 2008). It is thought that gamma oscillations are coordinating unconscious
neuronal activity, like integrating information learned or determining aspects to be remembered
(Colgin and Moser, 2010). This is in line with findings from Lundqvist et al. (2016) that have
shown a correlation between encoding or decoding neuronal activity and changes in the gamma
burst rate in the prefrontal cortex. They have postulated that gamma oscillations modulate, which
sensory information is incorporated into working memory. In the CA1 region of the hippocampus
two separate forms of gamma oscillations are observed, each of them occurring during a different
phase of theta (Bragin et al., 1995; Colgin et al., 2009). Slow gamma (< 80 Hz) oscillations are
coherent between CA1 and CA3 (Colgin et al,, 2009; Combe et al.,, 2018). Furthermore, CA1 PCs
respond to activation of Schaffer collaterals preferably with AP firing in the slow gamma range.
These oscillations can be observed when the animal tries to retrieve information, e.g., when the
animal pauses at a cross point trying to remember where it already was and which way to go next
(Johnson and Redish, 2007; Lopes-Dos-Santos et al., 2018). In line with this, slow gamma
oscillations correlate well with spatial associative memory formation, like it is required for the
object location task (Trimper et al., 2017). Fast gamma (> 80 Hz) oscillations in CA1 are phase-
locked to the medial entorhinal cortex and hence, are coupled to inputs in stratum lacunosum
moleculare (Bragin et al., 1995; Colgin et al., 2009). These inputs are thought to integrate location
information into ongoing encoding (Brun et al., 2002, 2008; Colgin et al., 2009; Fyhn et al., 2004;
Hafting et al., 2005; Lopes-Dos-Santos et al., 2018). For example, humans performing a virtual
MWM task showed that increased high gamma activities has correlated with better performance
in the task and, therefore, faster memory formation (Pu et al., 2018). In line with this, also in rats,
high gamma power has been selectively and significantly increased during exploration of a novel
object in a novel location compared to the familiar one (Zheng et al., 2016).

PHASE PRECESSION

Phase precession describes the action potential firing of an individual neuron relative to the
oscillatory activity of the surrounding cells. Since theta activity is synchronized throughout the
brain, it is assumed that the occurrence of neuronal activity relative to the theta phase strongly
influences its effect on the entire network and the resulting behavior. The phase precession of
place cells is probably the most well-known examples of this relationship (0’Keefe and Recce,
1993). O’Keefe and Reece showed that CA1 PCs typically fire at the peak of each theta cycle, called
in phase. However, place field related firing is found to be out of phase. The maximum firing rate
at the center of the place field is precisely anti-phase to the local theta oscillations, meaning at its
trough. This phase precession is considered important for the encoding of spatial information.
Thus, the degree of novelty correlates with the theta phase shift and corresponding place cell
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remapping (Lever et al., 2010). But also the likelihood of inducing LTP or LTD is dependent on
the theta phase (Huerta and Lisman, 1995, 1996; Hyman et al., 2003). Interestingly, low and fast
gamma oscillations are likewise phased-locked to the theta cycle (Colgin et al., 2009). This is
thought to represent the place and movement path of an animal and to set a behavioral state of
the animal that is relevant for decisions (Amemiya and Redish, 2018; Senior et al.,, 2008).
Additionally, the coherence of theta between the hippocampus und the prefrontal cortex can be
directly correlated with the behavior outcome. The more strongly both brain regions were
synchronized, the better the performance was in behavioral tasks (Benchenane et al., 2010;
Gruber et al,, 2018).

1.1.8 DIFFERENCES ALONG THE LONGITUDINAL AXIS OF THE HIPPOCAMPUS

While the gross organization within the hippocampal formation is remarkably similar, functional
differences are found along the longitudinal axis. For example, the frequency of theta oscillations
is comparable between the dorsal and ventral hippocampus, however, a phase shift of 180° is
observed (Patel et al,, 2012). Furthermore, the ventral hippocampus has a reduced number of
place cells with wider place fields compared to the dorsal hippocampus (Jung et al, 1994;
Kjelstrup et al.,, 2008; Maurer et al., 2005; Royer et al., 2010). The differential spatial precision
correlates with the distinct function and connectivity of the two parts. The dorsal hippocampus
is strongly connected to cortical networks while subcortical networks, e.g., amygdala and
hypothalamus, are connected to the ventral hippocampus (Groen and Wyss, 1990; Kishi et al,,
2006; Moser and Moser, 1998; Siegel and Tassoni, 1971). Accordingly, spatial learning relies
heavily on the dorsal hippocampus, while the ventral part is relevant in emotional processing
(Bannerman et al, 1999, 2002, 2003b; Hock and Bunsey, 1998; Moser et al., 1993, 1995;
Pothuizen et al., 2004). However, this distinction is ambiguous. Rather fine and particular
variations in behavioral tasks can cause changes in the relevance of a distinct part of the
hippocampus for the task performance. For example, Komorowski et al. (2013) suggested, that
the dorsal CA3 allows rapid association within a context while the ventral CA3 mediates more
general information across different contexts. As a result, an increased relevance of ventral CA3-
CA1 connection during spatial reversal learning has been proposed. During the early training
sessions mice often use egocentric learning strategies while spatial reversal learning requires
spatial strategies (Shah et al,, 2019). In line with these findings, Kleinknecht et al. (2012) found
that lesions to the ventral hippocampus selectively disrupt spatial learning strategies, while the
dorsal part is involved in general spatial exploratory behavior. The connection between
subcortical systems and the hippocampus is thought to regulate the integration of emotional and
motivational values to declarative memory. Accordingly, damages to the ventral hippocampus
cause a decrease in innate anxiety (Bannerman et al., 2002; Kjelstrup et al., 2002; McHugh et al,,
2004; Pentkowski et al, 2006). However, Hunsaker and Kesner (2008) have found an
involvement of the dorsal hippocampus in fear-related memory encoding and retrieval. While the
ventral CA1 has been involved in the retrieval of contextual fear, the dorsal one has been involved
in encoding and retrieval. While further experiments are required to understand the fine,
functional distinctions along the longitudinal axis of the hippocampus, the differences are
ubiquitous. Accordingly, it is important to take these differences into account when designing and
interpreting behavioral tests.
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1.2 DENDRITIC COMPUTATIONS IN CA1 PYRAMIDAL CELLS

CA1 PCs receive ten thousand of inputs onto their spines throughout their dendritic tree. These
inputs arrive via two major input pathways, the Schaffer collaterals and the perforant path. CA1
PCs integrates information from these two distinct inputs and generate output in form of APs. To
evoke an AP, the EPSPs need to propagate several hundred micrometers along the dendrites to
the soma. Here, the potentials are summed up. If the depolarization is sufficient an AP will be
generated at the axon initial segment located at the beginning of the axon close to the soma.
However, dendrites do not only create the necessary surface for synaptic input and form the
connection to the soma, but their morphology, cable properties and distribution of ion channels
can actively shape synaptic integration and thereby influence the output of the CA1 microcircuit.

1.2.1 DENDRITES — FROM CABLE TO ACTIVE INTEGRATOR

Wilfried Rall compared dendrites to electrical cables to understand their role in propagation and
summation of synaptic input (Rall, 1962). As specified in his model, a neuron can be illustrated
by several compartments that are electrically connected through an axial resistance (Ra). Synaptic
input can be regarded as a local depolarization caused by the influx and efflux of certain ions. The
local difference between the membrane potential (Vi) and the reversal potential (Erev)
determines the driving force for each ion to pass the membrane through the opened channels and
pores. Together with the synaptic conductance (Gsyu), the individual driving forces shape the
amplitude of the EPSP. The membrane capacitance (Cm) and membrane resistance (Rm)
determine how fast the membrane potential can respond to these changes in current, i.e,
membrane time constant (tm). Owing to the dendritic R,, EPSPs are attenuated and slowed down
during the propagation from the synapse to the soma. This dendritic filtering of input inevitably
reduces the influence distal synaptic inputs have on somatic depolarization (Magee and Cook,
2000; Rinzel and Rall, 1974; Spruston, 2008). A reduction dendritic diameter with increasing
distance from the soma counteracts the distance-dependent dendritic filtering. Therefore, the
impedance (Zp) increases and causes lager local EPSPs for synaptic input of the same Gsyn (Jaffe
and Carnevale, 1999; Nevian et al., 2007). Taken dendritic branching is taken into account,
shunting of the current can be caused by the decrease in Rm. An important parameter that Rall
provided is the space constant (A, Rall, 1964). It describes the length of a dendrite that reduces a
potential to 63% of its maximum. The space constant can further be used to describe the stretch
of dendrite in which synapses are more likely to interact. Activation of several synapses with in A
results in a strong depolarization, reducing the driving force and, hence, resulting in sublinear
summation of input. Dendritic branch points decrease Zp locally and, therefore, cause a linear
integration measured at the soma (Abrahamsson et al., 2012).

However, the contribution of voltage-dependent conductances were not taken into account by
Wilfried Rall’s model. Large, local depolarization can result in the activation of voltage-gated ion
channels and receptors and thereby in- or decrease the local depolarization in amplitude and
duration (Cash and Yuste, 1999; Migliore and Shepherd, 2002; Williams and Stuart, 2000). A
detailed description of active conductances and how they influence dendritic integration would
be beyond the scope of my thesis and can be found elsewhere (for review see Magee, 2016).
Briefly, their distribution along the dendritic tree can directly influence and shape the
propagation of the depolarization towards or from the soma.
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1.2.2 ACTION POTENTIAL BACKPROPAGATION

If the depolarization arriving at the soma is sufficient, APs are initiated at the axon initial segment.
From there these all-or-nothing events propagate along the axon to innervate other cells.
However, APs in CA1 PCs can also propagate back into the dendritic tree. These back propagating
APs (bAPs) do not only travel into the apical trunk, but also into basal and apical oblique dendrites
and, to a certain extent, even propagate into the apical tuft dendrites (Antic, 2003; Inoue et al,,
2001; Spruston et al, 1995; Williams and Stuart, 2000). Locally at the dendrites, the
depolarization evoked through bAPs can relieve the magnesium block of NMDA receptors and
thus, make the induction of LTP or LTD possible (Song et al., 2000; Stuart et al.,, 1997). The
morphology of the dendritic tree, especially the number of dendritic branch points is a key factor
in regulating the spatial spread of bAPs (Larkum et al., 2001; Rall, 1964; Schaefer et al., 2003).
Additional, the density of voltage-gated channels and distribution of inhibition plays a role
(Hoffman etal.,, 1997; Lorincz and Nusser, 2010; Magee and Johnston, 1995; Tsubokawa and Ross,
1996). The inactivation of sodium channels in dendrites has been shown to be longer than
observed at the soma (Colbert et al., 1997; Jung et al., 1997; Mickus et al., 1999). This increases
the failure of dendritic propagation during repetitive stimulation as observed experimentally
(Spruston et al,, 1995). Accordingly, a firing rate in the beta frequency will result in a persistent
decrease of the AP amplitude with increasing spike number (Jung et al., 1997). Counterintuitively,
repetitive firing also can enhance back propagation (Short et al.,, 2017; Williams and Stuart,
2000). This is the result of temporal summation of APs during short, physiological-like bursts at
a frequency of 80-300 Hz. In line with the efficiency of propagation, attenuation and/or
summation local calcium influxes have been observed (Inoue et al., 2001; Short et al., 2017;
Spruston et al., 1995; Williams and Stuart, 2000). Back propagation of APs into a specific dendrite
can additionally be enhanced by local synaptic input, increasing the probability of LTP induction
and dendritic spike or plateau initiation (Hoffman et al.,, 1997; Larkum et al., 1999, 2001; Sjostréom
and Hausser, 2006; Stuart and Hausser, 2001; Takahashi and Magee, 2009; Watabe et al., 2002).

1.2.3 LINEAR AND SUPRALINEAR DENDRITIC INTEGRATION IN APICAL OBLIQUE DENDRITES

For the generation of APs, EPSPs and IPSPs are summed temporally and spatially. However,
passive propagation to the soma causes a loss of the temporal information by lengthening the
response. This is counteracted by conductances that shorten EPSPs. On the other hand, currents
that increase the length of EPSPs likewise increase the time interval for summation. In CA1
pyramidal cell basal and apical oblique dendrites synchronous but spatially distributed or smaller
subthreshold inputs are typically summed linearly (Figure 1.4 A; Cash and Yuste, 1999). However,
under certain circumstances so called dendritic spikes can be evoked (Figure 1.4 B; Gasparini et
al,, 2004; Losonczy and Magee, 2006; Losonczy et al., 2008; Miiller et al., 2012; Remy et al., 2009).
These regenerative, all-or-nothing events require synchronous activation of spine clusters on a
single dendritic subcompartment. Dendritic spikes have a characteristic time course that is most
visible in the first derivative. After a slow initial start of the EPSP, a short-lasting but fast,
component is activated. This is followed by another slow component. This time course is directly
related to the local conductance. Initially, synaptic conductance through the activation of AMPA
receptors and, to a lesser extent, through NMDA receptors and VGCC is taking place. This local
depolarization leads to the activation of voltage-gated sodium channels (VGSC), resulting in an
all-or-nothing regenerative response that is comparable to an AP. This local depolarization
efficiently repels the magnesium ions blocking the channel pore of NMDA receptors. Owing to the
slow unbinding of glutamate, influx of sodium and calcium through the receptor can take place.
This precisely timed, local recruitment of conductances causes a supralinear summation of the
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EPSPs. The increased depolarization leads to the recruitment of additional VGCC. While this
increases the local influx of calcium, VGCCs appear not to affect the depolarization at the soma
(Losonczy and Magee, 2006). Notably, the same conductances, albeit to a lesser extent, also
modulate the subthreshold linear summation of EPSPs. Cash and Yuste (1999) showed that
blockade of VGSC, VGCC and NMDA receptors results in sublinear summation of EPSPs. For the
occurrence of supralinear integration several requirements need to be fulfilled. Experimentally it
was determined that spines need to be activated with an interstimulus interval of less than one
millisecond and should not be distributed more than 20 pm from each other (Gasparini et al,,
2004; Losonczy and Magee, 2006). These circumstances allow the most efficient recruitment of
VGSC and NMDA receptors. Furthermore, proximal dendrites are more likely to display dendritic
spikes than distal once. Dendritic spikes are observed at two different strengths, defined by the
steep slope of the sodium conductance (Losonczy et al., 2008; Remy et al., 2009). While weak
dendritic spikes, which are characterized by a small maximum slope of the sodium channel
component, are strongly attenuated in their propagation towards the soma, strong spikes, with a
larger maximum slope, are not. Repetitive activation of dendritic spikes increases this
attenuation. Interestingly, Losonczy et al. (2008) observed the majority of strong dendritic spikes
in the proximal primary dendritic branches. This so-called dendritic branch strength is
modulated by Kv4.2 in an acetylcholine-dependent manner. Induction of branch strength
plasticity does not only increase the passive propagation but also directly changes the local
inhibition, making strong spikes inhibition-resistant (Miiller et al., 2012). Accordingly, AP output
from weak spikes is evoked by the slow NMDA receptor-dependent peak, leading to imprecisely
timed APs (Losonczy et al., 2008). Contrarily, strong dendritic spikes require less synaptic input
to evoke an AP and will result in precisely-timed output through the peak of the fast sodium
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Figure 1.4. Dendrites integrate inputs differentially depending on the spatial and temporal pattern of inputs. (A) Activating
synapses spatially distributed over the dendritic tree (purple) or a single dendrite (turquoise) results in a linear summation.
Accordingly, the observed depolarization at the soma scales with the expected depolarization from the arithmetic sum of single spine
potentials. (B) Supralinear integration can be induced when spatially clustered inputs are activated synchronously. Here, a sudden
increase in the somatic depolarization (V) in relation to the expected one is observed. The nonlinearity is caused by dendritic spikes.
Distal dendrites are more likely to evoke weak dendritic spikes (purple), while strong dendritic spikes are elected predominantly at
proximal dendrites (turquoise). The differences in dendritic spike strength is visible in the amplitude of the first derivative of the

somatic depolarization (dV/dt). Dendritic spikes cause a steep increase in the amplitude owing to the evoked sodium conductance
(start marked by arrow).

A B

amplitude

observed
observed

-7

strong

18



Introduction

1.2.4 DENDRITIC PLATEAU POTENTIALS IN APICAL TUFT DENDRITES

Apical tuft dendrites of CA1 PCs can perform nonlinear input integrations as well. Precisely-timed
input to both major input pathways, i.e., Schaffer collateral and perforant path, evokes dendrites
plateau potentials in the stratum lacunosum moleculare (Figure 1.5; Takahashi and Magee, 2009).
Similar plateaus have been observed in pyramidal cells throughout the brain (Pérez-Garci et al,,
2006; Schiller et al,, 1997). Their activation requires the recruitment of AMPA and NMDA
receptors as well as VGCCs (Schiller et al., 1997; Takahashi and Magee, 2009). Their propagation
to the soma is usually inhibited by HCN channels (Tsay et al., 2007) and long-lasting inhibition
through GABAg receptors (Pérez-Garci et al, 2006). However, in combination with a
depolarization, evoked through AP firing or input through Schaffer collaterals, the propagation
probability of plateau potentials to the soma can be increased (Larkum et al., 1999; Takahashi
and Magee, 2009). At the soma, these dendritic plateau potentials present a long-lasting after
depolarization and are hence, able to cause burst firing of CA1PCs (Magee and Carruth, 1999;
Takahashi and Magee, 2009).
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Figure 1.5. Precisely-timed input evokes dendritic plateau potential in apical tuft dendrites. Theta burst pattered, simultaneous
activation of perforant path input (PP, turquoise) and Schaffer collateral fibers (SC, purple) evokes dendritic plateau potentials (black)
that are characterized by a long-lasting after depolarization and consequently burst firing of action potentials at the soma. The somatic
depolarization is larger than expected from summing up the potentials for each pathway (grey).

1.2.5 DENDRITIC INTEGRATION SHAPES LEARNING AND MEMORY

For the occurrence of dendritic spikes and plateaus in vivo, physiological input needs to arrive in
a clustered and/or well-timed manner. Several studies have shown, that synapses in vivo are
indeed activated and change their strength in small dendritic clustered (Bollmann and Engert,
2009; Fu et al,, 2012; Kleindienst et al., 2011; Roth et al., 2020; Takahashi et al., 2012). Likewise,
the relative timing of Schaffer collateral and perforant path inputs to each other favors the
occurrence of dendritic plateau potentials (Bittner et al,, 2015). Accordingly, the presence of
regenerative dendritic events in response to physiological stimuli has been demonstrated in
different brain regions in vivo (Bittner et al., 2015; Chen et al., 2013b; Cichon and Gan, 2015;
Grienberger et al., 2014; Larkum and Zhu, 2002; Lavzin et al., 2012; Palmer et al., 2014; Sheffield
and Dombeck, 2015; Sheffield et al., 2017; Waters et al.,, 2003; Xu et al., 2012). Owing to their large
local calcium influxes and the strength in generating AP output, supralinear dendritic integration,
like dendritic spikes and plateaus, can influence the neuronal network on different levels. As a
result enhanced AP output is observed (Grienberger et al., 2014; Lavzin et al., 2012; Palmer et al.,
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2014; Smith et al,, 2013). Furthermore, a relevance of nonlinear dendritic integration for visual
(Sivyer and Williams, 2013; Smith et al.,, 2013) and sensory perception (Lavzin et al, 2012;
Palmer et al,, 2014; Xu et al., 2012) or spatial navigation has been shown (Bittner et al,, 2015;
Grienberger et al., 2014; Sheffield and Dombeck, 2015; Sheffield et al.,, 2017). In addition, an
increase in strong dendritic spike probability was observed after exposure to an enriched
environment (Makara et al., 2009). Overall, these results suggest that dendritic integration of
inputs describes a physiologically relevant mechanism in regulating neuronal computation and
behavioral output. NMDA receptor activation is crucial for dendritic integration. However,
recruitment of these receptors requires the presence of a co-agonist. Thus, supply of D-serine or
glycine could influence dendritic integration. Astrocytes are a possible source of the co-agonist
D-serine. Accordingly, astrocytes could shape dendritic integration, neuronal output
computations and the corresponding behavioral output through dynamic supply of the NMDA
receptor co-agonist D-serine. My thesis aims to investigate this hypothesis.
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1.3 ASTROCYTES

For a long time neuroglia, or simply glia, were considered as a form of connective tissue keeping
the neurons in place (Virchow, 1859). They were therefore named glia after the Greek term for
glue and this perception persisted for many years. The diversity of glial cells was discovered using
cellular histology, leading to the differentiation between astrocytes, oligodendrocytes and
microglia (Kettenmann and Verkhratsky, 2008). Astrocytes received their name because of the
star-like morphology (Lenhossék, 1895). Further characterization has led to the differentiation
between fibrous, white matter and protoplasmic, gray matter astrocytes (Andriezen, 1893). This
section will focus on the characteristics of protoplasmic astrocytes found in the gray matter.
Protoplasmic astrocytes are able to release gliotransmitters that have been shown to influence
synaptic transmission, neuronal computations and behavior. Hence, astrocytes fulfill an
important role in regulating learning and memory.

1.3.1 ASTROCYTE MORPHOLOGY

Astrocytes in the gray matter have a complex morphology (Figure 1.6 A). From their rather small
soma several major branches emanate that further arborize into fine and fussy processes
resulting in a sponge-like morphology (Bushong et al., 2002; Livet et al., 2007; Ogata and Kosaka,
2002). Each astrocyte occupies its own territory of approximately 66,000 pm3. Overlap is only
found at the boarder of the territory (Figure 1.6 A&B). Interestingly, nearly all astrocytes also
contact blood vessels through distinct processes, called endfeet. Furthermore, astrocytes form a
large functional syncytium through extensive gap junction coupling (Anders et al., 2014; Giaume
et al,, 2010; Gutnick et al., 1981; Kuffler, 1967). Nevertheless, astrocytes are not a homogenous
group of cells (for review see Khakh and Deneen, 2019; Khakh and Sofroniew, 2015). For
instance, the presence of the glial fibrillary acidic protein (GFAP) has long been considered a
robust molecular marker for astrocytes. However, some astrocytes do not express GFAP in
sufficient amounts to be detectable by immunohistochemistry (Walz and Lang, 1998). Moreover,
GFAP levels can vary substantially between brain regions (Batiuk et al., 2020; Chai et al., 2017;
Emsley and Macklis, 2006). Accordingly, further molecular differences between regions have
been identified (Batiuk et al., 2020; Boisvert et al., 2018; Chai et al., 2017; Degen et al., 2012;
Duran et al,, 2019; Gokce et al,, 2016; Lin et al., 2017; Morel et al.,, 2017, 2019; Zeisel et al.,, 2015).
More than that astrocytes are a morphologically and functionally diverse group. In the CA1
stratum radiatum, astrocytes have an elongated shape orientated perpendicular to the pyramidal
cell layer (Anders et al., 2014; Bushong et al,, 2002; Nixdorf-Bergweiler et al., 1994; Wallraff et
al,, 2006). Astrocytic gap junction coupling is found to be organized anisotropic, too (Anders et
al, 2014). Astrocytes in the CA1 stratum lacunosum moleculare are more densely-packed and
round in shape (Nixdorf-Bergweiler et al., 1994; Ogata and Kosaka, 2002; Shimada et al., 1992;
Wallraff et al., 2006). Accordingly, their territories tend to be smaller, than in the other layers of
the CA1 (Ogata and Kosaka, 2002). Similarly, micro vessels are more dense in the stratum
lacunosum moleculare, suggesting a correlation between astrocyte and micro vessels number
(Shimada et al., 1992). Recently, molecular differences between stratum radiatum and lacunosum
moleculare astrocytes have been identified (Batiuk et al., 2020).

21



Introduction

Figure 1.6. Astrocyte morphology. (A) The image shows four astrocytes in the CA1 stratum radiatum filled with fluorescent dyes
illustrating their nonoverlapping territory (scale bar: 20 pm). (B) 3D reconstruction of a Z-stack of the same astrocytes as in (A). The
yellow area marks the overlap between the green and red dye: ~5 % of the territory. (C) Electron microscopy image of the stratum
radiatum. Arrows mark the postsynaptic density (dense black area) and the green coloring the presynapse containing small
microvesicles. Astrocytes (blue) are in close contact with spines (scale bar: 1 um). Images in A&B are from Cell Image Library (CIL)
Dataset CCDB:28 (Bushong et al,, 1999). Image in C is from Ventura and Harris, (1999) - copyright 1999 Society for Neuroscience.

1.3.2 ASTROCYTIC FUNCTIONS IN A NEURONAL NETWORK

Because of their electrically-passive nature, it was long thought that astrocytes were mainly
fulfilling supportive roles for neurons (Kuffler, 1967). They have been shown to be an important
regulator of ion homeostasis, pH and osmolarity (Kettenmann and Ransom, 2013). For example,
the extracellular concentration of potassium is regulated through clearing and buffering by
astrocytes (Figure 1.7). Another important task of astrocytes is the metabolic support for neurons
and the regulation of blood flow. Through their end feet located on small capillary vessels they
participate in the blood brain barrier, take up glucose and can influence the local blood flow.
Glucose is then transferred with aid of the lactate shuttle to neurons. However, more and more
studies have demonstrated also an active participation in synaptic transmission. Since their fine
processes are in close proximity to neuronal synapses (Gavrilov et al., 2018; Ventura and Harris,
1999; Wolff, 1968), they can locally influence synaptic transmission. There, astrocytes clear the
released glutamate from the synaptic cleft (Figure 1.7; Danbolt, 2001). By determining the spatial
and temporal extent synaptic transmission and plasticity is shaped. Furthermore, fine astrocytic
processes show fluctuations in the intracellular calcium concentration (Agarwal et al.,, 2017;
Asada et al,, 2015; Di Castro et al,, 2011; Kanemaru et al., 2014; Shigetomi et al., 2010, 2013a).
These calcium transient can occur spontaneously (Gee et al., 2014; Nett et al., 2002), as response
to neuronal activity (Porter and McCarthy, 1996; Wang et al, 2006) or as calcium waves
spreading through the astrocytic territory (Cornell-Bell et al.,, 1990; Dani et al., 1992; Hirase et al,,
2004; Newman and Zahs, 1997; Nimmerjahn et al., 2004). Neurons in turn respond with changes
in activity to changes in astrocytic calcium (Nedergaard, 1994; Parpura et al., 1994). This effect is
likely caused by the release of gliotransmitters (Figure 1.7). Although astrocytes are not
electrically excitable, changes in their intracellular calcium concentration and the subsequent
release of gliotransmitter suggests that there are excitable in a different manner. Accordingly,
reciprocal signaling between neurons and astrocytes can be an important regulator of synaptic
transmission and plasticity. Hence, astrocytes are nowadays considered as an active partner in
the tripartite synapse (Araque et al., 1999; Perea et al., 2009). This section will focus on the
astrocytic regulation of synaptic transmission through glutamate clearance and calcium-
dependent release of gliotransmitters.
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Figure 1.7. Illustration of astrocyte functions at the synapse. Astrocytes fulfill several functions in supporting and mediating
neuronal signal transduction. Neurotransmitters (turquoise) released by the presynaptic terminal (upper light gray part) propagate
to the postsynapse (lower light gray part) evoking a change in potential. Astrocytes (dark gray) control the magnitude of this signaling
by neurotransmitter clearance. Additional, neurotransmitters can activate astrocytic ionotropic or metabotropic receptors causing
an increase in the intracellular calcium concentration. This in turn evokes the release of gliotransmitters (orange). Following release,
the gliotransmitters can activate pre- or postsynaptically located receptors and modulate neuronal signaling. Moreover, neuronal
activation increases extracellular potassium. Astrocytes regulate neuronal excitation by clearance of it.

1.3.3 THE ROLE OF ASTROCYTES IN GLUTAMATE CLEARANCE

While neurons express a small number of glutamate transporters (Holmseth et al,, 2012), the
majority of glutamate clearance is performed by astrocytes (Danbolt, 2001). Through expression
of the glutamate transporter type 1 (GLT1 or EAAT2) and the glutamate aspartate transporter
(GLAST or EAAT 1) astrocytes take up approximately 90 % of the total glutamate (Bergles and
Jahr, 1997; Danbolt, 2001; Danbolt et al., 1992, 2016; Holmseth et al.,, 2012; Kiryk et al., 2008;
Lehre et al., 1995; Matsugami et al., 2006). Glutamate uptake requires the co-transport of sodium
(Danbolt, 2001). Hence, the sodium gradient established by Na*/K+-ATPases regulates the
efficiency of glutamate clearance from the synapse (Rose et al., 2009). Different cortical regions
display distinct glutamate uptake properties (Romanos et al.,, 2019). The functional impact of
these is more pronounced during an increased glutamate load, evoked through high frequency
stimulation. Likely this differential uptake ability is modulated by Na*/K+-ATPases. This suggests
that glutamate uptake regulates the susceptibility to pathologies. Accordingly, a decreased
expression of Na+/K+-ATPases has been shown to facilitates the initiation of cortical spreading
depression (Capuani et al., 2016) and promotes the recruitment of NMDA receptors (Romanos et
al, 2020). Excessive extracellular glutamate is observed in many pathologies, e.g., epilepsy
(Albrecht and Zieliniska, 2017; Findley et al., 2019). Impairing glutamate uptake increased the
extracellular glutamate and induced excitotoxicity (Rothstein et al., 1996). The activation of
extrasynaptic NMDA receptors is directly regulated by glutamate clearance (Asztely et al., 1997;
Diamond, 2001; Moldavski et al., 2020; Mulholland et al., 2008) and an increased tonic activation
of these receptors causes cell death (Hardingham et al., 2002).
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However, glutamate clearance has been shown to regulate not only cell survival but also synaptic
transmission. Ambient glutamate levels in the hippocampus are usually low, leading only to small
tonic NMDA receptor currents (Angulo et al., 2004; Cavelier and Attwell, 2005; Meur et al., 2007;
Sah et al., 1989). Blocking the glutamate transporters, however, considerably increases these
tonic currents. It is postulated that these tonic currents modulate neuronal input/output
functions (Sah et al, 1989). One possible mechanism of this effect is through an increased
recruitment of perisynaptically-located mGluRs in interneurons (Huang et al., 2004). As a
consequence, an increase in interneuron excitability and inhibition of CA1 PCs is evoked.

Impaired glutamate uptake has been shown to change NMDA receptor recruitment and
consequently an enhance short- and impair long-term potentiation (Barnes et al., 2020; Katagiri
et al, 2001). In addition, glutamate clearance also regulates the activation of neighboring
synapses and spines (Arnth-Jensen et al., 2002; Barbour and Hausser, 1997; Scimemi et al., 2004).
Specifically extrasynaptic NMDA receptor recruitment is increased by an enhanced concentration
of ambient glutamate (Fleming et al., 2011; Meur et al., 2007; Moldavski et al., 2020) or glutamate
spillover from neighboring synapses (Kullmann et al,, 1999; Rusakov and Kullmann, 1998). In
turn increased recruitment of extrasynaptic receptors has been implicated in enhancing LTP
(Yang et al,, 2017), LTD (Massey et al., 2004; Yang et al., 2005) and the occurrence of dendritic
NMDA receptor spikes (Chalifoux and Carter, 2011). However, synaptic transmission does not
only depend on glutamate clearance but can also shape it. Increased diffusion of GLT1 is observed
as response to neuronal activity (Al Awabdh et al., 2016; Murphy-Royal et al., 2015). Impairing
this diffusion leads to prolonged dwell time of synaptic glutamate and subsequent decreased
kinetics of EPSPs. Slowing of glutamate uptake is observed in response to increased frequencies
of neuronal activity (Armbruster et al., 2016). Interestingly, the late-phase of LTP results in an
increase of glutamate uptake evoked through protein synthesis and expression of GLT1 in
astrocytes (Pita-Almenar et al., 2006, 2012).

Especially the fine astrocytic perisynaptic processes (PAPs) are particularly enriched in
glutamate transporters (Sakers et al., 2017). Hence, proximity of astrocyte processes has been
shown to be an important regulator of glutamate clearance in other brain regions by regulating
the activation of presynaptic glutamate receptors (Oliet et al., 2001). Furthermore, induction of
neuronal plasticity induces changes in the PAPs in the somatosensory cortex (Perez-Alvarez et
al,, 2014). In the hippocampus, a retraction of astrocytic processes from the synapse facilitates
glutamate spillover and NMDA receptor recruitment during burst stimulation (Tanaka et al,,
2013). This decreased glutamate clearance also results in an impaired spatial reference memory
and contextual fear memory. Also hippocampal LTP is accompanied by structural changes in the
synapse and adjacent glial cells (Bernardinelli et al., 2014; Lushnikova et al., 2009). Inducing
structural remodeling at the neuropil, by activation of PAR1 on astrocytes, leads to changes in
glutamate clearance as well as short- and long-term plasticity (Sweeney et al., 2017). Similarly,
connexin 30 has been identified to regulate the morphology of PAPs and accordingly is found to
affect hippocampal long-term plasticity and learning (Pannasch et al., 2014). In line with a
plasticity-dependent regulation of astrocyte spine coverage is that thin spines in the dentate
gyrus are preferentially in contact with astrocytes (Medvedev et al., 2014). Interestingly, in the
CA1lregion only half of the glutamatergic spines have been identified to have an astrocytic process
in close proximity (Ventura and Harris, 1999). Whether this is caused by spine size-dependent
regulation of astrocyte coverage is so far unknown. However, it suggests the intriguing possibility
of differential synaptic transmission depending on the spine size by the strength of local,
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astrocytic glutamate uptake. Accordingly, glutamate spillover and recruitment of synaptic,
extrasynaptic or presynaptic NMDA receptors or mGluRs might be regulated in a spine size
dependent manner. This could result in a differential probably of these spines to undergo certain
short and long-term plastic changes or regulate the probability of evoking dendritic spikes. This
thesis explores the hypothesis of spine-size-dependent glutamate clearance and spine-size-
dependent dendritic integration in the CA1 microcircuit.

1.3.4 ASTROCYTIC CALCIUM TRANSIENTS

Astrocytic calcium changes are observed as a response to various neurotransmitters and
modulator, e.g. acetylcholine, ATP, endocannabinoids, GABA or glutamate (for review see Guerra-
Gomes et al., 2018; Perea et al,, 2009). Increases in intracellular calcium concentration can be
observed in small microdomains throughout the astrocyte territory (Agarwal et al., 2017; Asada
etal,, 2015; Di Castro et al,, 2011; Kanemaru et al., 2014; Shigetomi et al., 2010, 2013a), with the
most occurring in the small processes (Asada et al., 2015; Shigetomi et al., 2013a). Using 3D
super-resolution microscopy, a recent study has suggested that single spines are targeted by
small, node-like astrocytic structures that exhibit calcium transients (Arizono et al., 2020).
Notably, calcium transients in these nodes appear to be synapse-specific and the majority of them
does not propagate to neighboring spines. Since membrane permeable calcium indicators, e.g.
Fluo-4-AM, were and are frequently used to study astrocytic calcium transients, their frequency
is often underestimated. Bulk-loading targets only 10% of the astrocytic territory (Reeves et al.,
2011), and hence, selectively underestimates transients occurring in the periphery (Shigetomi et
al,, 2013a). Using genetically encoded calcium indicators, a frequency of up to two calcium events
per minute is suggested (Gee et al., 2014; Shigetomi et al., 2013a). Although the source of these
intrinsic fluctuations are still under debate, the basic properties of the possibly underlying
mechanisms are understood (for review see Bazargani and Attwell, 2016; Berridge et al., 2003).
An important role in mediating astrocytic calcium is been suggested for the endoplasmatic
reticulum. Calcium entry from the extracellular space leads to activation of inositol triphosphate
(IP3) receptors and, possibly, ryanodine receptors and sequentially the release of more calcium.
Accordingly, pharmacological inhibition of store-operated calcium release reduces the amplitude
and/or frequency of calcium transients in astrocytes (Araque et al., 1998a; Arizono et al., 2020;
Henneberger et al,, 2010; Jennings et al., 2017; Jourdain et al., 2007; Kang et al., 1998; Okubo et
al,, 2020; Vaarmann et al., 2010). Mice with a selective knock-out of the [P3 receptor in astrocytes
are shown to have a strong reduction in frequency and/or amplitude of calcium transients
(Agarwal et al.,, 2017; Fiacco et al., 2007; Kanemaru et al., 2014; Li, 2005; Petravicz et al., 2008;
Sherwood et al., 2017; Srinivasan et al., 2015). However, some have failed to show a change of the
frequency and/or amplitude, specifically in the fine astrocytic processes (Rungta et al., 2016;
Srinivasan et al., 2015). Recently, also mitochondria have been suggested to play a role in the
regulation of calcium transients in astrocytic microdomains (Agarwal et al., 2017).

Increases in the intracellular calcium concentration of astrocytes can be evoked through
numerous mechanisms that cause the influx of extracellular calcium and/or from intracellular
stores (Verkhratsky et al, 2012). The extracellular calcium concentration correlates
proportionally with the frequency of spontaneous astrocytic calcium transients (Shigetomi et al.,
2012; Wu et al,, 2019). On the other hand, increasing the extracellular calcium concentration
could increase their frequency (Parri and Crunelli, 2003). Interestingly, increasing the
intracellular calcium buffering capacity results in a similar result. Modelling suggests that these
effects are modulated by the formation of IP3 (Lavrentovich and Hemkin, 2008). However, IP3
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receptor activation does not only depend on IP3, but is modulated by the cytosolic calcium
concentration (Foskett et al.,, 2007; Hituri and Linne, 2013). IP3 receptors show a bell-shaped
dependency on the calcium concentration inside the cell. While low intracellular calcium
concentrations increase their open probability, high concentrations inhibit the receptor.
Astrocytes have been shown to have varying resting calcium concentrations, resulting in two
distinct groups (Zheng et al., 2015). This suggests that the probability of [P3 receptor opening
and thus the frequency of spontaneous calcium transients between these cells vary. TRPA1 is
implicated in the regulation of the resting calcium concentration in astrocytes (Shigetomi et al.,
2012,2013b). Next to a 40 % decrease of the basal calcium concentration, application of a TRPA1
channel blocker results in a nearly complete block of spontaneous calcium transients.
Furthermore, it is found that the reduction in calcium transients resulted in a reduced
extracellular D-serine concentration (Shigetomi et al., 2013b). This suggests an interesting
relationship between the astrocytic resting calcium concentration and the release of
gliotransmitters. In addition, modelling the characteristics of astrocytic calcium transients in
dependency of the intracellular calcium concentration suggests a regulation of the peak calcium
concentration by the former (Lavrentovich and Hemkin, 2008). To my knowledge, this
relationship has not yet been confirmed experimentally. In general, the parameters that are
shaping astrocytic calcium transients are poorly understood. Nevertheless, their role in
mediating the release of gliotransmitters and the subsequent modulation of synaptic
transmission underlines their importance. Knowing the parameters that control astrocytic
calcium transients might advance our understanding of their role in gliotransmitter release and
synaptic transmission. An exciting question, which is addressed by my thesis, is the involvement
of the resting calcium concentration in shaping astrocytic calcium transients.

1.3.5 GLIOTRANSMITTER RELEASE

Many studies have shown that calcium transients evoke the release of gliotransmitters, e.g.,
glutamate, ATP/adenosine and D-serine. Albeit some studies have failed to show this dependency
(for review and discussion on the controversy see: Bazargani and Attwell, 2016; Rusakov et al.,
2014), the release of gliotransmitters by astrocytes is generally accepted. It is postulated that
gliotransmitters are released through small vesicles, similar to those observed in neurons. But
other pathways, as reversed transport have been suggested as well. The investigation and
presence of the underlying release mechanisms has been a topic of numerous studies that are
summarized and discussed elsewhere (Bohmbach et al, 2018; Petrelli and Bezzi, 2016;
Verkhratsky et al.,, 2016). In the following sections I laid the focus on two gliotransmitters,
glutamate and D-serine, which are known regulators of NMDA receptors. Accordingly, astrocytic
release of these compounds can modulate dendritic integration.

GLUTAMATE

One of the earliest described and best studied gliotransmitters is glutamate (Bezzi et al., 2004;
Hua et al.,, 2004; Innocenti et al., 2000; Jeremic et al., 2001; Montana et al., 2004; Parpura et al,,
1994; Pasti et al., 2001). Parpura and Haydon (2000) investigated the calcium concentration
required for the release of astrocytic glutamate in cultured astrocytes. They showed that even
small increases of 55 nM in the intracellular calcium concentration are sufficient to cause
gliotransmission. Similar to neurons, a cooperative binding of calcium ions to evoke release has
been shown in astrocytes (Kreft et al., 2004; Parpura and Haydon, 2000). Araque et al. (1998)
observed in co-cultures that astrocytic glutamate evokes NMDA receptor-dependent slow
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depolarizing inward currents (SICs) in neighboring neurons. It should be noted that cultured
astrocytes show an altered morphology and expression of proteins and receptors. Conclusions
should therefore be drawn carefully from these studies. Importantly, glutamate release from
astrocytes and SICs are also observed in situ (Angulo et al., 2004; Fellin et al., 2004; Kang et al,,
2005; Mariotti et al., 2016; Navarrete and Araque, 2008; Parri et al.,, 2001; Perea and Araque,
2005). Furthermore, it has been shown that SICs are evoked by extrasynaptic GluN2B-containing
NMDA receptors (D’Ascenzo et al., 2007; Fellin et al., 2004; Shigetomi et al., 2008) through store-
dependent increase of astrocytic calcium and SNARE-dependent vesicular release of glutamate
(Kang et al., 2005; Mariotti et al., 2016). Notably, these studies were mostly conducted in slice
preparations from juvenile rodents or in different brain regions. The observation of SICs in the
hippocampus of adult mice requires specific pharmacological interventions like blocking
potassium conductance, decreasing synaptic transmission or increasing NMDA receptor
recruitment (Angulo et al.,, 2004; Gémez-Gonzalo et al.,, 2017; Perea and Araque, 2005). While
SICs are mediated by postsynaptic receptors, also the activation of presynaptic mGluRs and
NMDA receptors has been reported (Min and Nevian, 2012; Navarrete and Araque, 2010;
Navarrete et al., 2012; Perea and Araque, 2007). Similar to SICs, glutamate is thought to be
released through calcium-dependent vesicular fusion. Targeting presynaptic receptors,
glutamate mediates the presynaptic release probability and induction of LTP. Notably, other
studies have failed to evoke SICs or changes in synaptic transmission after inducing astrocytic
calcium transients through various methods (Agulhon et al., 2010; Fiacco et al.,, 2007). Both
studies used expression of exogenous receptors or uncaging of exogenous compounds to evoke
astrocytic calcium transients. Therefore, it is possible that these are not coupled to the same
release machinery as endogenously evoked transients. Accordingly, using the same technique a
recent study showed that designer drug activated receptors do not effect plasticity induction in
wild type mice but selectively in a genetically modified mouse model with impaired astrocyte
calcium signaling (Huang et al.,, 2020). Furthermore, astrocytic glutamate release has been
proposed to be mediated by BEST1 and TREK 1 channels (Oh et al., 2012; Park et al,, 2013; Woo
et al, 2012, 2018). Nevertheless, a functional relevance of astrocytic, calcium-dependent
glutamate release in vivo is described (Navarrete et al., 2012; Poskanzer and Yuste, 2016).
Jourdain et al. (2007) showed that in the molecular layer of the dentate gyrus astrocyte processes
contain small microvesicles, located close to extrasynaptic GluN2B-containing NMDA receptors.
Accordingly, activity-dependent activation of P2Y1 receptors causes the release of glutamate
from astrocytes and results in an increase in synaptic strength. The structural and functional
evidence suggests that astrocytic glutamate release is occurring under physiological conditions
in the dentate gyrus. Whether SICs are recruited under physiological or pathophysiological
conditions needs to be determined. Since an increased occurrence is observed in an Alzheimer’s
mouse model (Gémez-Gonzalo et al., 2017), the latter is suggested.

D-SERINE

Another interesting gliotransmitter is D-serine. Because NMDA receptor activation requires the
presence of a co-agonist, astrocytes can regulate NMDA receptor recruitment, and thus LTP and
LTD, through the release of the co-agonist D-serine. The first evidence for astrocytic D-serine
release has been found through staining and using astrocyte cultures (Schell et al., 1995, 1997).
Moreover, serine racemase, the enzyme catalyzing the transformation of L-serine to D-serine, has
been found primarily in astrocytes (Wolosker et al.,, 1999). Mothet et al. (2005) showed that
astrocytic D-serine release is depending on intracellular, store-dependent calcium increases.
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Using electron microscopy, D-serine has been shown to be located in small microvesicles together
with elements of the release machinery in culture (Martineau et al., 2013) and in adult astrocytes
in the hippocampus (Bergersen et al., 2012). Functional evidence on a potential role of astrocytic
D-serine release derives from mixed cultures (Yang et al., 2003). While LTP could not be induced
in pure neuronal cultures, it has been possible in mixed ones. The authors identified that D-serine
release is responsible for the observed effect. D-serine is also able to modulate plasticity in acute
brain slice. In situ experiments by Henneberger et al. (2010) showed that the induction of LTP in
the CA1 of the hippocampus depends on D-serine. By interfering with astrocytic calcium
increases, astrocytic D-serine production or the vesicular release machinery the induction of LTP
has been impaired, providing strong evidence for astrocytic, calcium-dependent, vesicular
release of D-serine. A more recent study showed the involvement of IP3 receptors in the release
of D-serine in the hippocampus (Sherwood et al., 2017). Likewise, LTP induction in vivo is
depending on astrocytic D-serine release (Robin et al., 2018). Recently it was even suggested that
the astrocytic release of D-serine alone, without neuronal depolarization or high frequency
stimulation, is sufficient to induce LTP (Adamsky et al., 2018). The importance of astrocytic
calcium and D-serine for LTP is further supported by the fact that a decrease in the resting
calcium concentration also impairs LTP induction (Shigetomi et al, 2013b). Recently, a
dependence of the intrahippocampal D-serine concentration in situ and in vivo and wakefulness
has been discovered (Papouin et al, 2017). Increased general activity results in a higher
extracellular D-serine concentration, a process depending on acetylcholine-mediated astrocytic
calcium increase and subsequent release of the co-agonist. Consequently, LTP induction is
favored during the dark, active phase. Moreover, vesicular D-serine release from astrocytes is
described in other brain regions. In the dentate gyrus, vesicular release of D-serine by astrocytes
is regulating the dendritic maturation of adult born neurons (Sultan et al., 2015). In the
supraoptic nucleus of the hypothalamus astrocytic coverage and hence, co-agonist availability,
determines the NMDA receptor recruitment and consequently, LTP induction (Panatier et al,,
2006). Through regulation of the synaptic D-serine concentration, astrocytes modulate the
activity threshold for LTP induction between virgin and lactating rats. Albeit the large amount of
functional and morphological evidence suggesting astrocytic release of D-serine, the Wolosker
laboratory proposed that neuronal release through Asc-1 could be the major source of D-serine
(Kartvelishvily et al., 2006; Rosenberg et al., 2010, 2013; see for review Wolosker et al., 2016).

1.3.6 BEHAVIORAL RELEVANCE OF GLIOTRANSMISSION

Similar to the evidence in vitro and in situ, contradicting results concerning the behaviors
modulated by reciprocal signaling between neurons and astrocytes have been found (for review
see Oliveira et al., 2015). Especially in the context of hippocampus-dependent spatial memory,
various effects of selective interruption or activation of astrocyte signal transmission have been
observed.

One way to disrupt gliotransmission in astrocytes is through the expression of a dominant
negative (dn)SNARE protein. While this has not impacted the performance of undisturbed
animals in a novel object and an object location memory tasks, it has been sufficient to prohibit
the effects of sleep deprivation on the memory performance (Halassa et al., 2009). However,
another study showed that impairment of the same pathway through expression of the tetanus
toxin has resulted in an impaired performance (Lee et al., 2014). Similar results have been
obtained in mice lacking the cannabinoid 1 (CB1) receptor specifically in astrocytes (Robin et al.,
2018). Furthermore, astrocytic CB1 receptors have been shown to disinhibit exogenously-evoked

28



Introduction

impairment of spatial working memory in the MWM (Han et al,, 2012). Overexpression of serine
racemase and consequently an increase in D-serine, however, has not impaired long-term spatial
memory examined with the same task (Otte et al., 2013). Similarly, a lack of the IP3 receptor 2
has neither impaired long-term memory nor reversal learning examined with the MWM
(Petravicz et al., 2014). However, using an IP3 ‘sponge’ to disrupt astrocyte calcium signaling has
resulted in impaired MWM long-term memory (Tanaka et al., 2013). Interestingly, activating or
deactivating Gs-coupled activation of astrocytes has evoked a reduction or enhancement,
respectively (Orr et al., 2015). Also concerning contextual fear conditioning varying results have
been obtained. While expression of a dominant negative SNARE protein has not affected the
memory performance (Halassa et al., 2009), Papouin et al. (2017) showed that daily fluctuations
of vesicular-released D-serine from astrocytes can. Similarly, artificial activation of astrocytic Gq-
dependent signaling during learning has increased contextual fear memory (Adamsky et al,,
2018). While overall these results demonstrate that astrocytic gliotransmission potently
modulates hippocampal memory performance, the discrepancy between studies highlights the
complexity of the underlying mechanism and the need for careful examination. It is important to
ensure that, for example, genetic alterations are inducible to avoid developmental adaptations.
Furthermore, subtitle differences in the behavioral design are known to influence the required
brain regions (for example the dorsal or ventral hippocampus, see 1.1.8) and different astrocytic
signaling can underlie the observed effect. Furthermore, daily fluctuations in the extracellular D-
serine concentration can influence learning and memory as well. Accordingly, behavioral
experiments with a careful design and/or a location specific astrocytic alteration will make
conclusions more specific. In addition, any genetic or pharmacological intervention should be
examined for effects on exploratory or anxiety-related behavior as these are common
confounders for behavioral testing.

1.3.7 ASTROCYTIC ENDOCANNABINOID RECEPTORS

While most research focused on unraveling the function of the endocannabinoid system with a
neuron-centric view, recent investigations have shown that also astrocytes express CB1
receptors (Bonilla-Del Rio et al, 2019; Gutiérrez-Rodriguez et al, 2018; Han et al, 2012;
Navarrete and Araque, 2008). Electron microscopy has revealed that between 35-55 % of CA1
stratum radiatum astrocytes show CB1 receptor staining, with nearly all receptors being located
within 400-1200 nm of a synapse (Bonilla-Del Rio et al., 2019; Gutiérrez-Rodriguez et al., 2018;
Han et al,, 2012). Similar to neuronal CB1 receptors, astrocytic ones have been described to be
activated in response to high-frequency stimulation of Schaffer collaterals or depolarization of
CA1 pyramidal cells in rodents, in situ and in vivo, and in human tissue (Andrade-Talavera et al.,
2016; Navarrete and Araque, 2008, 2010; Navarrete et al., 2013; Robin et al.,, 2018), whereas the
mobilization is positively regulated by the length of the depolarization or the number of APs
(Navarrete and Araque, 2008, 2010). Moreover, the activation of astrocytic CB1 receptors has led
to an increase in the overall intracellular calcium and/or an increase of the calcium transient
frequency in astrocytes (Gomez-Gonzalo et al, 2015; Navarrete and Araque, 2008, 2010;
Navarrete et al.,, 2013; Robin et al., 2018). The efflux of calcium from intracellular stores has been
required for this effect. While these recordings were performed with cell membrane permeable
dyes, Eva M. Schonhense has confirmed the effect in whole-cell patch clamp recordings from
astrocytes filled with the fluorescent indicators Fluo-4 and Alexa Fluor 594 in our laboratory
(Figure 1.8). Application of the CB1 receptor co-agonist WIN55,212-2 has evoked a significant
increase in the ratio of both fluorescent indicators. In the presence of the inverse agonist AM251,
no change has been observed. This shows that indeed CB1 receptors are responsible for the
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increase in intracellular calcium. Furthermore, the number of astrocytes that have shown an
increase in the fluorescent ratio have been quantified. Under control conditions approximately
80 % of the astrocytes have responded to bath application of the CB1 receptor agonist. These
have been significantly more, than observed in AM251. Importantly, the number of
(non)responding astrocytes observed in our laboratory is in line with the findings of others
(Navarrete and Araque, 2008).
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Figure 1.8. Activation of CB1 receptors increases astrocytic Caz*. (A) Left: Example of an astrocyte filled with Alexa Fluor 594 (40
uM) and Fluo-4 (200-400 uM) via the whole-cell patch-clamp pipette (scale bar: 10 pm). Right: Sum of Fluo-4 fluorescence intensity
over 10 frames (scale bar: 5um) during baseline and after application of the CB1 receptor agonist WIN55,212-2 (10 uM) for the
marked area marked on the left. (B) Changes in astrocytic calcium concentration were monitored through the fluorescence ratio of
Alexa Fluor 594 and Fluo-4 (background-subtracted). Left: WIN55,212-2 significantly increased the fluorescence ratio (1.39 + 0.12, n
=13, p = 0.005, one-population Student’s t-test). In the presence of the inverse CB1 receptor agonist AM251 (5 uM), the effect was
absent (0.95 + 0.08, n = 5, one-population Student’s t-test). Right: A significantly smaller number of astrocytes responded (increase >
5%) to application of WIN55,212-2 in the presence of AM251 than without (p = 0.047, Fisher’s exact test). Figure adapted from the
Master thesis of E.M. Schénhense (2015) with permission.

Since CB1 receptors are coupled to Gi, in neurons, the increase in astrocytic calcium is a
surprising result. Usually Gi/-coupled GPCRs do not increase calcium. However, it has been
suggested that the downstream effectors of the CB1 receptor are cell-type specific (reviewed by
Stella, 2010). Support for a Gq-dependent mechanisms has been found in cultured hippocampal
neurons and HEK cells, where the agonist WIN55,212-2 has been shown to enable Ggq/11-
dependent calcium release from internal calcium stores (Lauckner et al.,, 2005). Furthermore,
Navarrete and Araque (2010) showed that astrocytic calcium increase through CB1 receptors is
pertussis toxin resistant. Activation of store-dependent calcium release in astrocytes has likewise
been described for other compounds signaling through G/ -coupled receptors, however, those
have been modulated by the Gg,-subunit of the receptor (Durkee et al., 2019). Regardless of the
intracellular mechanism, an increase of the cytosolic calcium concentration in astrocytes evokes
the release of gliotransmitters. Astrocytic CB1 receptor activation in the hippocampus is
proposed to result in the release of glutamate (Gémez-Gonzalo et al,, 2015; Han et al,, 2012;
Navarrete and Araque, 2008, 2010; Navarrete et al., 2013) or D-serine (Andrade-Talavera et al.,
2016; Robin et al., 2018). Accordingly, astrocytic CB1 receptors are implicated in short- and also
in long-term plasticity of synaptic transmission. Navarrete and Araque (2010) observed that a
depolarization of five seconds or a train of somatic-evoked APs in a CA1 pyramidal cell in situ
results in a transient increase or decrease of the synaptic release probability in a subset of
recordings, respectively. Interestingly, both forms are mediated by CB1 receptors, however only
the potentiation requires an increase in astrocytic calcium. Subsequent release of glutamate is
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shown to activate presynaptic mGluRs and thereby, transiently modulating the presynaptic
release probability. The same signaling cascade has been demonstrated to modulate long-term
plasticity as well. Gémez-Gonzalo et al. (2015) depolarized one neuron to -30 mV for three
minutes and another to 0 mV for five seconds to evoke plasticity. This pairing protocol has evoked
endocannabinoid-dependent LTP at more distant synapses through astrocytic glutamate release.
In contrast, iLTD is usually observed only within a few micrometers (Chevaleyre and Castillo,
2004). In juvenile mice, astrocytic CB1 receptors have also been shown to mediate LTD. Using a
post-before-presynaptic activation pairing protocol, Andrade-Talavera et al. (2016) induced a
form of LTD that required endocannabinoid mobilization, astrocytic calcium signaling and
subsequent release of D-serine. Through activation of presynaptic NMDA receptors, the
presynaptic release probability has been altered resulting in a long-term depression of synaptic
transmission. Notably, all these experiments were conducted in situ. Owing to the specific
induction paradigms that often required a prolonged artificial depolarization of neurons, the
relevance in vivo needs to be determined. However, the general role of astrocytic CB1 receptors
has been investigated in vivo. Han et al. (2012) showed that endocannabinoid-mediated iLTD is
preserved in glutamatergic or GABAergic CB1 receptor knock-out mice in vivo, but impaired in
astrocyte-specific knock-out mice. Furthermore, they showed that the exogenous cannabinoid
THC increases the magnitude of long-term depression in slices and results in an impaired spatial
memory in mice. Importantly, the behavioral impairment is specifically mediated by astrocytic
CB1 receptors. Hence, Han et al. has suggested that astrocytes are a key regulator in the
endocannabinoid mediated long-term plasticity and spatial memory. The results of Robin et al.
(2018) support these hypotheses by showing that astrocyte-specific CB1 receptor knock-out
mice exhibit impaired LTP in vivo that can be restored by the application of exogenous D-serine.

Overall, these data support the theory that astrocytic CB1 receptors are a powerful mediator of
synaptic transmission in the hippocampus. By increasing the frequency of astrocytic calcium
transients, the release of gliotransmitters is evoked. This in turn modulate the recruitment of
NMDA receptor, which changes synaptic transmission on a short- and long-term time scale.
However, alterations of memory performance have only been described after application of an
exogenous cannabinoid. In addition, strong induction protocols were used to induce the
mobilization of endocannabinoids from neurons. These protocols question the relevance of the
described mechanisms under physiological conditions. To address the physiological relevance of
astrocytic CB1 receptor activation, my thesis investigated neuronal activity patterns, which
mimic behavioral relevant oscillations, in their potency to modulate NMDA receptor recruitment.
Specifically, I determined the influence of CB1 receptor-dependent astrocytic D-serine release on
supralinear dendritic integration as well as spatial learning and memory.
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1.4 AIMS AND OBJECTIVES

The main function of neuronal networks is to integrate inputs in order to generate meaningful
output. Dendrites, as the main input receiving structure, participate in this function. They act as
a coincidence detector for local activation, a process that is believed to play an important role in
spatial navigation (Bittner et al., 2015; Sheffield and Dombeck, 2015; Sheffield etal., 2017). NMDA
receptor activation is shown to be crucial for dendritic integration (Cash and Yuste, 1999;
Losonczy and Magee, 2006). Notably, the NMDA receptor is a coincidence detector itself: It
requires the presynaptic release of glutamate, postsynaptic depolarization and the binding of a
co-agonist, glycine or D-serine (Ascher and Nowak, 1988; Johnson and Ascher, 1987). The main
goal of this thesis is to understand if and how NMDA receptor recruitment during dendritic
integration is shaped by astrocytes and its behavioral relevance. To address this, the following
aims and objective were formulated:

1) To understand how dendritic integration can be shaped by astrocytes.

In order to investigate dendritic integration, a suitable technique to activate small clusters of
spines is required. To this end, I first established the use of microiontophoretic stimulation with
glutamate in acute hippocampal slices. Then, different forms of dendritic integration were
investigated by using a combination of whole-cell patch clamp recordings, microiontophoretic
stimulation, electrical stimulation, two-photon excitation microscopy and pharmacological
interventions in the CA1 microcircuit of the hippocampus to test the following hypotheses:

a. Astrocytic glutamate uptake is differentially regulated at spines of different size and
thereby modulates dendritic integration.

In order to study the functional impact of differential glutamate uptake, I measured the
effect of pharmacological blockade of the uptake on the NMDA receptor-mediated calcium
responses of single spines. Relative changes in dependence of the spine size addressed
this hypothesis. Furthermore, it is known that spine enlargement caused by long-term
potentiation occurs in clusters (Kleindienst et al.,, 2011; Takahashi et al., 2012). Therefore,
[ determined whether the size of spines influenced the way inputs were integrated in the
respective dendrite.

b. D-serine release through activation of astrocytic CB1 receptors and the subsequent
increase in astrocytic calcium modulates dendritic integration.

NMDA receptor recruitment is essential for the different types of dendritic integration
and hence, a possible modulation by its co-agonist D-serine is suggested. I used
pharmacological blockade of NMDA receptors and the saturation of their co-agonist site
to determine the range of a possible dynamic modification of linear and supralinear
dendritic integration of apical oblique dendrites as well as dendritic plateau potentials in
apical tuft dendrites. Since the pharmacological activation of astrocytic CB1 receptors
evokes astrocytic calcium transients (Navarrete and Araque, 2008; Schonhense, 2015),
and possibly, the release of D-serine (Robin et al, 2018), I determined whether
pharmacological activation of these receptors can influence dendritic integration through
the NMDA receptor co-agonist binding site.
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c¢. Endocannabinoids-dependent activation of astrocytic CB1 receptors takes place during
behaviorally relevant network activities.

Endocannabinoids are released in dependence of neuronal depolarization and/or
increases in calcium (Di Marzo, 2011). I investigated the extent of neuronal activity
required to recruit astrocytic CB1 receptor-dependent signaling. Therefore, the effect the
depolarization of a single neuron and the recruitment of several neurons has on dendritic
integration was determined. For the latter, I retrogradely stimulated CA1 pyramidal cells
at patterns that resemble delta, theta, beta and gamma oscillations. Combining these
recordings with pharmacological interventions permitted me to draw conclusions about
the involvement of CB1 receptors and the identity of the released co-agonist. Finally, a
mouse line with an inducible, astrocyte-specific knock-out of the receptor was used to
establish that astrocytic CB1 receptors mediated the observed effects

2) To understand during which behavior signaling through astrocytic CB1 receptors is
recruited, and thus, modulation of dendritic integration can take place.

Mice with an inducible, astrocyte-specific knock-out of CB1 receptors were subjected to several
behavioral tests to explore their role in spatial learning and memory. Specifically, the role of
astrocytic CB1 receptors in general exploratory and anxiety-related behavior, spatial working
memory as well as long-term object identity and location memory was examined. In addition, a
passive place avoidance task was used to test the role of astrocytic CB1 receptors in fear-related
spatial memory and its flexibility during changes in the environment.

3) To investigate the role of the intracellular resting calcium concentration in shaping
astrocytic calcium transients

Astrocytic calcium transients are the key step in regulating neuronal transmission through, for
example, endocannabinoids. However, parameters that shape astrocytic calcium transients are
unknown. The resting calcium concentration is an interesting candidate for this, as it could shape
the influx of calcium (Foskett et al., 2007; Lavrentovich and Hemkin, 2008). The expression of a
calcium-sensitive fluorescent protein in astrocytes was used to record spontaneous astrocytic
calcium transients in situ and in vivo. The relationship between the pre-event baseline and the
peak or the amplitude calcium concentration of each transient was analyzed. To unravel the
underlying mechanisms, the role extracellular and intracellular, store-dependent calcium influx
play in shaping astrocytic calcium transients was determined.
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2 MATERIAL AND METHODS

2.1 ANIMALS

All animals were housed under twelve-hour light/dark conditions and were allowed ad libitum
access to food and water. For the experiments, either three to five weeks old male Wistar rats
(Charles River Laboratories) or six to ten weeks old male wild type (Charles River Laboratories)
and/or transgenic (own breeding) C57BL/6N mice from both genders were used. All experiments
were conducted in full compliance with national and institutional guidelines.

2.1.1 TRANSGENIC ANIMALS

To induce a cell-type specific knock-out or knock-in of a gene, the cre-lox recombination system
was used. In this model, the target gene (or a part of it) is flanked by two loxP sequences
(“floxed”). Only when the cre-recombinase is present within the nucleus, it recognizes the two
LoxP sequences and removes the sequence in between. Therefore, in the CB1f/fline (Table 1), the
cannabinoid 1 (CB1) receptor gene is removed upon cre presence in the nucleus and a cell type
specific knock-out can be generated. In the mouse lines Ai14 (Table 1) and PC-G5-tdT (Table 1) a
stop codon in front of tdTomato or GCaMP5g-IRES-tdTomato, respectively, is floxed. Therefore,
the indicators are expressed selectively. Cell-type specific promoters are used to express cre. This
can be either done ubiquitously or, to avoid developmental influences, upon injection of
tamoxifen. The GLAST-cre ER and creERT2 mouse (Table 1) expresses a modified estrogen
receptor (ER or ERT2, higher affinity for tamoxifen than estrogen) dependent on the Slcla3
(GLAST, EAAT1) promoter, a protein selectively expressed by astrocytes. By using different
combinations of these transgenic mouse lines or stereotactic injections with recombinant adeno-
associated viruses (rAAV), the generation of astrocyte or neuron-specific knock-in or knock-out
is possible.

Table 1. Transgenic mice strains, their background and reference.

Short name Long name Background Reference
GLAST-creERT2  Slcla3tmi(cre/ERT2)Mgoe C57BL/6N (Mori et al.,, 2006)
GLAST-creER Tg(Slcla3-cre/ERT)1Nat C57BL/6] (Wang et al., 2012b)
JAX Mice 012586
Ail4 Gt(ROSA)26Sortm14(CAG-tdTomato)ize  C57BL/6] (Madisen et al., 2010)
JAX Mice 007908
PC-G5-tdT Polr2aTn(pb-CAG-GCaMP5g,-tdTomato)Tvrd  C57BL/6N (Gee etal,, 2014)
JAX Mice 024477
CB1/f C57BL/6N (Marsicano et al., 2003)

2.1.2 TAMOXIFEN TREATMENT

To induce the expression of cre in GLAST-cre ER(T2) mice, the administration of tamoxifen is
required. For this purpose, 20 mg tamoxifen (Sigma) were dissolved in 1 ml sunflower oil (Sigma)
containing 10 % ethanol (AppliChem) by sonication for at least 15 minutes. To activate cre
activity, the mice were injected with 1.5 mg of tamoxifen once daily for five consecutive days by
intraperitoneal (i.p.) injections. After at least two weeks of recovery, the animals were used for
experiments.
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2.1.3 STEREOTACTIC INJECTIONS OF RAAVS

A rAAV containing cre under a Ca2+/calmodulin-dependent protein kinase Il promotor fragment
of 0.4 kb (CaMKII0.4; AAV1.CaMKII0.4Cre.SV40, V4567MI-R, PennCore) was injected bilaterally
into the ventral hippocampus of PC-G5-tdT mice to selectively express the calcium indicator
GCaMP5g in CA1 pyramidal cells (PCs).

First, the animals were deeply anesthetized (Fentanyl, Rotexmedica, 0.05 mg/kg bodyweight;
Midazolam, Rotexmedica, 5.0 mg/kg bodyweight; Medetomidin, Cepitor from CPPharma, 0.5
mg/kg bodyweight; i.p. injection volume 0.1 ml/10 g bodyweight). The eyes were then covered
with a cream (Bepanthen® eye and nose creme) and the head fur was shaved off. After ensuring
that the animal was asleep by checking the toe reflexes, the head was fixed in a stereotactic frame
(Model 901, David Kopf Instruments). Before making a small incision, the skin was locally
anaesthetized with lidocain (1 x 10 mg puff, Xylocain, Astra Zeneca). As landmark for the
injection, the intersections of the skull sutures bregma and lamda were used. Those areas are
particularly visible when the skull is cleared from remaining periosteum and dried. By comparing
the height of bregma and lamda it can be ensured that the skull was fixed levelled (<0.2 mm
difference in height). Next, the coordinates for the ventral hippocampus were determined relative
to bregma (anterior -3.5 mm, lateral -/+3 mm, ventral -2.5 mm). After marking the point of
injection with a surgical marker, a small hole was drilled with a dental drill and the beveled needle
nanosyringe (nanofil 34G BVLD, WPI) was slowly inserted into the brain. Then, 0.5 pl of viral
particles (2.94 x 1013 VP/ml) dissolved in PBS were injected slowly under the control of a
microinjection pump (100 nl/min, WPI). After a recovery period of at least five minutes, the
needle was retracted slowly, and the procedure repeated for the other hemisphere. At the end of
the surgery, the incision was sutured using antibacterial absorbable thread (Ethicon) and treated
with an antibiotic cream (Refobacin 1 mg/g, Gentamicin). Then, the anesthesia was stopped by
i.p. injection of the corresponding antagonists (Naloxon, Puren, 1.2 mg/kg bodyweight;
Flumazenil, Anexate from Hikma, 0.5 mg/kg bodyweight, Atipamezol, Antisedan from
Ventoquinol, 2.5 mg/kg bodyweight; injection volume 0.1 ml/10 g bodyweight). To ensure that
the animal had no pain, analgesia was injected i.p. 30 minutes before ending the narcosis as well
as 8, 16 and 24 hours afterwards (Buprenorphin, Buprenovet from Bayer, 0.05 mg/kg
bodyweight; injection volume 0.1 ml/20g bodyweight). Experiments with these animals were
conducted three to five weeks after surgery.
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2.2 ACUTE HIPPOCAMPAL SLICE PREPARATION

For the preparation of acute brain slices the animal were deeply anesthetized with isoflurane
(Consense), decapitated and their brain was quickly removed and placed into ice-cold aCSFsucrose
(artificial cerebrospinal fluid, containing in mM: sucrose 105, NaCl 60, KCI 2.5, MgCl, 7, NaH2PO4
1.25, ascorbic acid 1.3, sodium pyruvate 3, NaHCO3 26, CaCl; 0.5 and glucose 10; osmolarity 300-
310 mOsm). Next, forebrain and cerebellum were removed, hemispheres separated and the
dorsal part trimmed before gluing it onto the slicing block. With a vibratome (7000SMZ-2,
Campden Instruments) 300 pm thick horizontal slices were cut and left for recovery in 34°C warm
aCSFsucrose for 15 minutes before transferring them to normal aCSF (containing in mM: NaCl 131,
KCl 2.5, MgS0,4 1.3, NaH,PO,4 1.25, NaHCO3 21, CaCl; 2 and glucose 10; pH 7.35-7.45; osmolarity
297-303 mOsm) at room temperature. There the slices were allowed to recover for at least one
hour before starting the experiments. All chemicals, unless stated otherwise, were obtained from
AppliChem.

2.3 ELECTROPHYSIOLOGICAL MEASUREMENTS IN COMBINATION WITH TWO-
PHOTON EXCITATION FLUORESCENCE IMAGING

2.3.1 WHOLE-CELL PATCH CLAMP RECORDINGS

For recordings, the slices were transferred into a submersion-type recording chamber mounted
on a Scientifica two-photon excitation fluorescence microscope with a 40x/0.8 NA objective or
60x/1 NA objective (Olympus), placed onto a self-built grid and superfused with 34° C warm
aCSF. A single CA1 PC was whole-cell patched using a Multiclamp 700B amplifier (Molecular
Devices) with a borosilicated glass pipette (3-5 M(Q resistance, GB150F-10, Science Products)
containing an intracellular solution (containing in mM: KCH303S 135, HEPES 10, di-Tris-
Phosphocreatine 10, MgCl, 4, Naz-ATP 4, Na-GTP 0.4, Alexa Fluor 594 hydrazide 0.04 (Thermo
Fisher Scientific), Fluo-4 pentapotassium salt 0.2-0.4 (Thermo Fisher Scientific), pH adjusted to
7.2 using KOH, osmolarity 290-295 mOsm). Cells were kept in the current clamp mode, unless
stated otherwise. Data acquisition was performed using Clampex (Axon Software). Data were
filtered with a humbug (filtering of electrical interference, Quest Scientific, Canada), low-pass
Bessel filter and digitized at 40 kHz. Using a femtosecond Ti:sapphire pulse laser Vision S
(Coherent, US) with the laser power adjusted to a fluorescent intensity comparable to the one
obtained with a power of 2-3 mW at the slice surface, both fluorescent dyes were excited at A =
800 nm. The emitted photons were collected and recorded using photon multiplier tubes
(Scientifica) depending on the filters at either Agreen = 500-550 nm or Areq = 590-650 nm. The light-
microscopic morphology was visualized with Dodt optics. Acquisition of the images was
performed using Scanlmage Software (Pologruto et al., 2003) using MATLAB (MathWorks).

Electrophysiological recordings were analyzed using Clampfit (Axon Software). The analysis of
imaged was performed with Fiji/Image ] (NIH) and Matlab. Numerical data were analyzed with
Excel (Microsoft), OriginPro (Origin Lab Corporation) and Matlab.
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2.3.2 SYNAPTIC AND LOCAL DENDRITIC POTENTIALS

CA1 PCs were distinguished from other cells in the stratum pyramidale mainly by their
morphology (apical trunk dendrite and spines) and their membrane potential (app.-70 mV). Only
cells with an access resistance (Ra) of less than 20 M{) and with less than 20 % change during the
time course of the recording were included in the analysis.

To evoke local dendritic potentials a microiontophoretic system (MVCS-C-01C-150, NPI) was
used. A borosilicated glass pipette (60-90 MQ resistance, GB150F-10, Science Products), filled
with 150 mM glutamic acid (pH adjusted to 7.0 with NaOH) and 50 pM Alexa Fluor 594 hydrazide
(Thermo Fisher Scientific), was placed in close proximity (< 1 um) to a spine on an apical oblique
dendrite under the control of two-photon excitation fluorescent microscopy. Leakage of glutamic
acid from the microiontophoresis evokes either weak somatic depolarization, noise-like
variations in the membrane potential or a local increase in the Fluo-4 intensity. To prevent such
leakage a small, positive retain current (< 8 nA) was constantly applied. The iontophoretic
stimulation duration was adjusted (< 0.8 ms) to induce reliable somatic excitatory postsynaptic
potentials (EPSPs), dendritic spikes and action potentials (APs) with increasing stimulation
intensity (25 to 50 pA steps until the occurrence of an AP, 3 s interstimulus interval). All
experiments were conducted in the presence of 50 uM picrotoxin (abcam Biochemicals), to block
GABAa receptors, therefore, the CA3 and CA1l region were separated before starting the
experiment. After recording the dendritic integration at baseline with increasing iontophoretic
stimulation intensities, a drug was bath-applied for three to five minutes and the integration
recorded again. In a subset of experiments, baseline recordings were performed in the presence
of adrug as indicated. In case of experiments with DAAO (D-amino acid oxidase, Sigma), the slices
were incubated for at least 50 minutes in the enzyme before the start of the recording. The
following drugs at the respective concentrations were used: 5 pM AM251 (abcam), 0.17 U/ml
DAAO (Sigma), 50 uM D-APV (abcam), 10 uM D-serine (Sigma), 10 uM NBQX (abcam), 0.5 uM Ro
25-6981 (abcam), 1 uM WIN55,212-2 mesylate (Sigma), 10 pM ZD7288 (Tocris).

For the analysis of the somatic membrane potentials several parameters were compared between
the baseline recording and the one after drug application to determine the respective influence
of drug:

- The first somatic potential with clear kinetic of an EPSP was considered as a purely AMPA
receptor mediated response (Figure 2.1 A, black). This response will be called initial EPSP
(iEPSP) from here on forth. iEPSPs are considered comparable to single spine EPSPs recorded
with other techniques. The amplitude of iEPSPs were compared.

- The last three EPSPs prior to the induction of AP firing (linear integration) or the last EPSP
prior to a dendritic spike (supralinear integration; Figure 2.1 A, purple) are called
subthreshold EPSPs from here forth. Subthreshold EPSP are large amplitude EPSP evoked by
stimulating multiple spines. Hence, NMDA receptors and voltage-gated channels will
contribute to their potential. The amplitude of subthreshold EPSPs were compared.

- In dendrites that integrate their inputs supralinear dendritic spikes were evoked (Figure 2.1
A, turquoise trace). To determine the effect of the applied drug on dendritic spikes, three
distinct parameters were used. The first one is the microiontophoretic stimulation intensity
necessary to evoke a dendritic spike, henceforth called threshold stimulus. The
microiontophoretic current corresponds to the amount of glutamate ejected from the
microiontophoresis and, therefore, illustrates the synaptic activation required to evoke a
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dendritic spike. The second parameter indicates the recruitment of voltage-gated sodium
channels during the spikelet of the dendritic spike (Figure 2.1 B, turquoise). To calculate this,
the first derivative of the last EPSP prior to the first dendritic spike was subtracted from the
latter. The peak amplitude of this trace (Figure 2.1 C) make measuring the maximum slope of
the sodium spikelet without influence by the underlying EPSP possible. The third analyzed
parameter corresponds to the recruitment of NMDA receptors during dendritic spikes. For
this the amplitude of the slow component of the dendritic spikes was used (Figure 2.1 B,
purple), henceforth called NMDA receptor component amplitude.

All comparisons were made by averaging two recordings. Notably, the amplitudes of somatic
potentials were always compared between responses that were evoked with the same
microiontophoretic stimulation intensity. This means that similar amounts of glutamate were
ejected to stimulate the dendrite.

sodium spikelet

NMDAR
component

Figure 2.1. Illustration of dendritic integration analysis. (A) Iontophoretic stimulation with increasing stimulation intensities
evokes iEPSP (black), subthreshold EPSP (purple) and dendritic spikes (turquoise). (B) Dendritic spikes have two main components:
a fast sodium spikelet (turquoise) and slow component mediated, among others, by NMDA receptors (purple). The amplitude of the
NMDA receptor component is illustrated by dashed lines. (C) First derivative of a dendritic spike subtracted by the first derivative of
the subthreshold EPSP. The peak amplitude is the maximum slope of the sodium spikelet.

During whole-cell patch clamp recordings the neurons were filled with Alexa Fluor 594 (40 puM).
After the electrophysiological recording a stack of the dye fluorescence of the dendritic segment
with the iontophoresis (512 x 512 pixel, 15-33 pm?, z distance 0.5-1 pm) and the cell itself (512
x 512 pixel, 150-330 um?, z distance 1-2 um) was taken. The former images were used to
determine the relative spine size. With Fiji/Image ], regions of interest (ROIs) were then placed
around the spines with a size of 0.65 x 0.65 pm. For each ROI the intensity was plotted along the
z-axis, the background was subtracted and the intensity was normalized to the baseline. This
curve was then fitted with a Gaussian using OriginPro and the integral was taken as the spine size.
To calculate the relative size of the stimulated spine, the median of 5 to 15 spine sizes was
calculated and then compared to the initial spine. Spines with a size above one were considered
big and spines with a size below one were considered small.
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2.3.3 NMDA RECEPTOR-MEDIATED RESPONSES

NMDA receptor responses were recorded using either Scientifica two-photon excitation
fluorescence microscope with a 40x/0.8 NA objective or 60x/1 NA objective or Olympus FV10MP
microscope with a 25x/1.05NA objective (Olympus). A CA1 PC was whole-cell patched and filled
with the calcium-insensitive indicator Alexa Fluor 594 (40 uM) and the calcium-sensitive
indicator Fluo-4 (200 uM) as described (see section 2.3.1). The microiontophoretic system was
used for local stimulation. Therefore, the iontophoresis pipette filled with glutamic acid (150 mM,
pH adjusted to 7.0 with NaOH) and Alexa Fluor 594 (50 pM) or 633 (50 uM) was placed in
proximity to an apical oblique dendrite (~4 um) to stimulate several spines at the same time. For
the isolation of NMDA receptor responses the membrane potential of the CA1 PC was clamped to
-20 mV and the aCSF contained 1 pM Tetrodotoxin (TTX, Na* channel blocker, Tocris), 20 uM
nifedipin (L-type calcium channel blocker, Sigma), 20 uM LY341495 (group Il metabotropic
glutamate receptor antagonist, Tocris), 10 pM MPEP hydrochloride (mGluRs antagonist, abcam)
and 10 uM NBQX (AMPA receptor antagonist, abcam). Glutamate uptake was blocked through
bath-application of 200 nM TFB-TBOA (EAAT1 and EAATZ2 blocker, Tocris) for at least eight
minutes. Line scanning through up to six spines (~ 400 Hz) was performed in quadruplets with
an inter-event interval of 30 ms during baseline and after application of aCSF (control), TFB-
TBOA or APV (50 uM). Using a femtosecond Ti:sapphire pulse laser Vision S (Coherent, US)
with the laser power adjusted as described, both fluorescent dyes were excited at A = 800 nm.
The emitted photons were collected and recorded using photon multiplier tubes depending on
the setup and filters at either Agreen = 500-550 nm or 515-560 nm and Areq = 590-650 nm or 575-
630 nm. Acquisition of the images was performed using Scanlmage Software using MATLAB or
Olympus Fluoview 4.2. Analysis was performed using Fiji/Image ] and Excel. The intensity
profiles over time for each indicator were averaged for every spine and corrected for the
corresponding background intensity. Then, the ratio of the Fluo-4 and Alexa Fluor 594
fluorescence was calculated. The pre-event baseline (Ro), the peak (Rmax), the baseline normalized
amplitude AR/Ro and the decay time constant were analyzed. For the analysis of the decay
constant, the ratio was fitted with a mono exponential decay using OriginPro. Spine sizes were
calculated as described in section 2.3.2.

2.3.4 ALVEUS STIMULATION

Antidromic activation of CA1 PCs can be achieved through stimulation of their axons in the alveus.
To ensure selective axonal stimulation, an incision was made between CA1 and the subiculum
that spares the alveus. A clustered bipolar stimulation electrode (CE2F75, FHC) was placed on
the subiculum site of the incision while a field-recording pipette (borosilicated glass, 2-4 M{
resistance, GB150F-10, Science Products) filled with aCSF was positioned in app. 500 um distance
at the boarder of stratum oriens and stratum pyramidale of CA1l. For the analysis of the
population spike, recorded in the stratum pyramidale, the amplitude (Apopspike) is 2 good measure
for the recruitment of PCs. It is calculated by using the EPSP (A1), population spike (Az) and
hyperpolarization amplitude (As, Figure 2.2).

The stimulation intensity was adjusted to 80 % of maximum amplitude of the population spike,
with a minimum amplitude of 0.8 mV. The experiments were conducted in the presence of 50 uM
picrotoxin.
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Ai

A2

Figure 2.2. Illustration of a population spike. The amplitude of the excitatory post-synaptic potential (A1), population spike (A2)
and hyperpolarization (A3) are illustrated.

If alveus stimulation was combined with recordings of dendritic integration, the field-recording
pipette was removed and a CA1 PC was whole-cell patched in the same area (*70 um) and
dendritic potentials were evoked using the microiontophoretic system, as described before.
Instead of drug application, the alveus was stimulated at different frequencies (4, 10, 20 or 40 Hz)
for one second, five seconds before the iontophoretic stimulation with an interstimulus interval
of ten seconds. Analysis was performed as described in section 2.3.2.

2.3.5 NEURONAL RECRUITMENT DURING ALVEUS STIMULATION

To determine the amount of responding CA1 PCs, mice expressing the calcium indicator GCaMP5g
together with tdTomato under control of the CaMKII promoter were generated by injecting PC-
G5-tdT mice with a CaMKII-cre rAAV (see section 2.1.3). Slices were prepared and mounted on
an Olympus FV10MP microscope with a 25x/1.05NA objective. The electrodes for alveus
stimulation were placed (see section 2.3.4). Using a femtosecond Ti:sapphire pulse laser Vision
S (Coherent, US) with the laser power adjusted as described, the fluorescent proteins were
excited at 910 nm. The light-microscopic morphology was visualized with differential interfering
contrast (DIC) optics (Olympus). To record the response of several PCs to 20 Hz alveus
stimulation for one second, emitted photons were collected using photon multiplier tubes during
line scannning through two to six somas at either Agreen = 515-560 nm or Areq = 575-630 nm,
depending on the filters. Acquisition of the images was performed using Olympus Fluoview 4.2.
Recordings were performed in quadruplets and averaged for analysis (~2 ms per line, 1500
lines). Per slice at least 16 cells were recorded to estimate the overall percentage of responding
cells. For analysis of the intensity profile over time for both indicators was corrected for
background and the fluorescence ratio was calculated. The signal was then normalized to the
baseline and reported as AR/Ry. Neurons were classified as responder and nonresponders to
alveus stimulation by an arbitrary threshold (>25 % increase in amplitude).

2.3.6 EXTRACELLULAR SINGLE UNIT RECORDING

Extracellular single unit recordings allowed me monitoring of single CA1 PC firing. To investigate
this during alveus stimulation, the stimulation electrode was placed in the alveus and the
stimulation intensity determined, as described. Next, a borosilicate glass pipette (5-7 MQ
resistance, GB150F-10, Science Products) was placed into the PC layer during 10 Hz alveus
stimulation to blindly identify single unit responses. These responses are characterized by a
sharp upward reflection followed by a smaller downward reflection. The amplitude should
exceed 2 mV and should not differ between several trials. Within a burst, however, the amplitude
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might decrease. Recordings at 4, 10 and 40 Hz alveus stimulation were done in quadruplets. A
maximum of three single unit recordings per slice were performed. For the analysis, the single
unit response relative to the number of stimuli was determined and averaged over the recording
trials.

2.3.7 ASTROCYTIC CALCIUM IMAGING USING GENETICALLY-ENCODED INDICATORS IN SITU

PC-G5-tdT mice were crossbred with GLAST-creERT2 mice and injected with tamoxifen as
described (see section 2.1). Acute hippocampal slices were prepared and mounted on the
Scientifica two-photon excitation fluorescence microscope with a 40x/0.8 NA objective or 60x/1
NA objective (Olympus) or Olympus FV10MP microscope with a 25x/1.05NA objective. Using a
femtosecond Ti:sapphire pulse laser Vision S (Coherent, US) with the laser power adjusted as
described, both fluorescent proteins were excited at A = 910 nm. The emitted photons were
collected and recorded using photon multiplier tubes depending on the setup and filters at either
Agreen = 500-550 nm or 515-560 nm and Areq = 590-650 nm or 575-630 nm. Acquisition of the
images was performed using Scanlmage Software using MATLAB or Olympus Fluoview 4.2.
Astrocytes in the CA1 stratum radiatum in 40-90 um depth with a good distinguishable territory
were identified using their tdTomato fluorescence. Only cells with a low somatic GCaMP5g
intensity were used since this should correspond to low intracellular calcium and hence, to
healthy cells. The astrocyte was then recorded using time-lapse frame scanning (128 x 128 pixel,
80 x 80 um, 2.96 Hz). Spontaneous calcium transients were recorded in collaboration with Daniel
Minge for ten to twenty minutes in normal aCSF, in aCSF with the IP3 receptor inhibitor 2-
Aminoethoxydiphenyl borate (2-APB, 100 pM, abcam) and ryanodine (10 uM, abcam) or in aCSF
without calcium (zero calcium). For the stimulation of the alveus, [ positioned the electrodes as
described in section 2.3.4. Changes in astrocytic calcium were recorded by imaging astrocytes
during baseline and 10 Hz or 40 Hz alveus stimulation (18x for 1 s, 10 s inter-stimulus interval)
for three minutes each.

The analysis of all astrocytic recordings was performed by me. Before starting the analysis, the
frames were z-aligned using a custom-written Matlab script (Christian Henneberger). Then,
calcium responses were visually identified using Fiji/Image ] and a ROI of ~ 3 x 3 um was placed
around them. The fluorescence ratio of both indicators, GCaMP5g and tdTomato, background-
subtracted; was calculated per frame. For all responses of one cell or field of view the pre-event
baseline (Ro), peak (Rmax) and amplitude (Rmax-Ro) were determined by averaging three frames.
When a cell displayed atleast eight calcium responses the relationship between baseline and peak
or amplitude was determined using a nonparametric, unbiased approach by calculating the x-y
dependency with Spearman’s rank correlation coefficient (R). Owing to the nonlinear correlation
between the calcium concentration and the fluorescence intensity of GCaMP5g the correlation
coefficients obtained for baseline and amplitude needed to be corrected by subtracting 0.38 (for
detailed explanation, see section 3.1 and King*, Bohmbach* et al.,, 2020).

Additionally, the frequency of calcium transients per cell was determined. Astrocytic calcium
events are not very frequent (1-2 per minute, Gee et al.,, 2014) and therefore their frequency can
vary a lot between cells. For the frequency analysis only cells with at least one transient in each
condition were used. In some cases, the astrocytes were sorted into responders and
nonresponders. A cell that showed an increase in the amount of calcium transients relative to its
baseline was considered a responder. If the number of events remained unchanged or decreased,
it was classified as a nonresponder. To analyze the global astrocytic calcium concentration, a
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single ROI around the astrocytic territory excluding the soma and major branches was drawn
using Fiji/Image J. The integral of the ratio of the fluorescent intensity of GCaMP5g and tdTomato
(background-subtracted) was calculated for at least 250 frames during baseline and treatment,
nominally OmM calcium or stimulation of the alveus, to calculate in relative change. To ensure
viability of the astrocyte throughout the experiment, only cells that displayed at least one
transient during the total recording were used. Cells that showed a change (increase or decrease
depending on the experiment) of more than 5 % were considered responders.

2.3.8 DENDRITIC PLATEAU POTENTIALS

Dendritic plateau potentials were evoked by a dual stimulation paradigm comparable to the one
used by Takahashi and Magee (2009). A CA1 PC was whole-cell patched and kept in current clamp
as described (section 2.3.1) in the presence of blockers for GABAA (50 pM picrotoxin) and GABAg
receptors (5 nM CGP 55845 hydrochloride, Tocris). Schaffer collaterals were stimulated using a
concentric bipolar stimulation electrode (FHC, CBARC75) placed at the boarder of CA3 and CA1
stratum radiatum. The perforant path was stimulated using a monopolar glass pipette
stimulation electrode, placed in closed proximity to an apical tuft dendrite of the whole-cell
patched CA1 PC. The stimulation intensity was set in such way, that a somatic EPSP of
approximately 9-10 mV for Schaffer collateral and 1 mV for perforant path stimulation was
evoked. After sufficient diffusion of the dye throughout the dendritic arbor (> 60 minutes), line
scanning through an apical tuft dendrite (~2 ms per line, 2048 lines) was performed to monitor
rapid changes in the fluorescence of the dyes. Dendritic plateau potentials were evoked by
stimulating both pathways five times every 200 ms for five stimuli at 100 Hz. This was repeated
four times with an interstimulus interval of 60 s for each condition. Paired recordings for baseline,
in saturated D-serine (10 uM) and APV (50 pM) were performed.

The probability of dendritic plateaus was estimated for each cell by counting their occurrence for
each burst during the four repetitions. Dendritic plateaus were identified based on their typical
shape: a prolonged after-depolarization potential and the induction of AP bursts (Takahashi and
Magee, 2009). Since the fifth burst showed the highest probability of dendritic plateaus (see
section 3.4.3 and Takahashi and Magee, 2009), it was used for detailed analysis. APs were
removed by calculating the first and second derivative and removal of extreme values: somatic
potentials < 30 mV; first derivative < 5 mV/ms or > -5 mV/ms; second derivative < 30 mV*ms/ms
or > -20 mV*ms/ms. The resulting traces were smoothed by a 50t percentile filter over 50 points
and the area, i.e., integral, and after-depolarization, i.e., full width at half maximum amplitude
(FWHM), extracted using the peak analysis tool of OriginPro.

For analysis the signal of the recorded quadruplets was averaged. Next, the intensity profile over
time for both indicators were corrected for their background intensity and the fluorescence ratio
was calculated. The signal was then normalized to the baseline and reported as AR/Ro. The
overall integral, as well as the integral, peak and FWHM of the 5t burst were analyzed. For the
latter analysis, AR/Rq trace was smoothed with a 10-points adjacent averaging method and the
parameters were automatically extracted using the peak analyzer tool of OriginPro.
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2.4 ASTROCYTIC CALCIUM IMAGING IN VIVO

In vivo recordings of astrocytic calcium responses in anesthetized and awake mice were
performed by Andrea Delekate, Cordula Rakers from the laboratory of Gabor C. Petzold, I
analyzed the recorded data. The expression of the genetically-encoded calcium indicator
GCaMP5g was driven through GLASTcreER in PC-G5-tdT mice after tamoxifen injection as
described in section 2.1.2.

Acute cranial windows for recordings in anesthetized mice were prepared as previously
described (Delekate et al., 2014). Briefly, the mice were anesthetized with isoflurane (induction:
3 % v/v; maintenance: 1-1.5 % v/v), kept on a heating plate (37° C) and fixed in a stereotactic
frame. After removal of the scalp, a 3 mm cranial window above the primary somatosensory
cortex was created using a dental drill. The window was closed with agarose (1.5 %) and a cover
glass. Recordings and analysis of cortical astrocytes were performed as described in section 2.3.7.

For recordings of awake mice chronic cranial windows were prepared. As for acute cranial
windows, mice were anesthetized with isoflurane, kept on a heating plate and fixed in a
stereotactic frame. After removal of the scalp, the skull was pre-treated with light-curable dental
cement. Next, a 4 mm window above the primary somatosensory cortex was drilled, pre-sealed
with super glue and a cover glass, and fixated using light-curable dental cement. Then, an
aluminum holder was attached on the contralateral side of the skull using dental cement, allowing
head fixation and awake imaging. Analgesia was applied 30 minutes before and for three
consecutive days after surgery. Habituation to the head fixation and the treadmill (Luigs &
Neumann, Germany) was started one week after surgery. On the first day, the mice were hold by
their tail while running on the belt for approximately 30 minutes. On the following day, the mice
were head-fixed and allowed to run freely. This was repeated until the animals were running
calmly on the belt. Finally, the treadmill was positioned under the 16x objective (Nikon) of a two-
photon microscope (Trim Scopell, LaVision Bio Tec). The first imaging session took place two
weeks after surgery and the mice were allowed to run on the treadmill for a maximum of 60
minutes a day. Time-lapse frame scanning of two to three astrocytes (384 x 384 pixel, 192 x 192
pum, 3.13 Hz) in 130-195 um depth was performed for 10 minutes each. The recordings corrected
for movement artifacts by alignment with a custom-written Matlab script (Petzold group).
Locomotion was recorded at 20 Hz by a digital position readout device (Luigs & Neumann,
Germany). For quantification and correlation, the movement was binned in three second time
windows. Only transients whose peak occurred within +6 s of a movement with a velocity of at
least 1 cm/s were considered locomotion-associated. Analysis of these calcium responses was
performed as described in 2.3.7.
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2.5 IMMUNOSTAINING AND CONFOCAL MICROSCOPY

To determine the specificity and efficiency of the knock-out or knock-in in the transgenic animals,
some mice were transcardially perfused with 4 % paraformaldehyde (PFA, Sigma) in phosphate
buffered saline (PBS, containing in mM: NaCl 137, KCI 2.7, Na;HPO4 10, KH,PO4 1.8, pH 7.4;
osmolarity 290). The mice were anesthetized using an overdose of ketamine and xylazin
(ketamine (betapharm) 80 mg/kg bodyweight, Xylazin (Rompun, Bayer) 1.2 mg/kg bodyweight,
i.p. injection volume 0.1 ml/20 g bodyweight). After ensuring that the animal was under deep
anesthesia by checking the toe reflexes, the abdomen was opened along the ribcage. Next, the
diaphragm was carefully removed and the ribcage cut to gain access to the chest cavity. To allow
rapid perfusion of the animal, the right atrium was opened through a short cut before at least 20
ml ice-cold 4 % PFA in PBS were injected into the left ventricle. Finally, the brain was removed
from the skull and placed in 4 % PFA in PBS overnight for postfixation.

The next day, after washing the brain with PBS, the forebrain and cerebellum were trimmed. The
brain was then glued onto a mounting disk, placed in the cutting chamber with ice-cold PBS and
cut into 50 pm thick horizontal slices with a vibratome (Leica). The slices were transferred into
wells and washed three times for ten minutes with PBS. Afterwards, a blocking solution
containing 10 % normal goat serum (NGS, Merck Millipore) and 0.5 % Triton (AppliChem) in PBS
was applied for 2 h at room temperature to reduce nonspecific binding of the antibodies. Next,
the primary antibody was applied in PBS with 5 % NGS and 0.1 % Triton overnight at 4°C. The
following day, the slices were washed again three times with PBS for ten minutes before applying
the secondary antibody in PBS with 2 % NGS and 0.1 % Triton for one to one and a half hours at
room temperature. This step was repeated for the conjugated-streptavidin. For nuclear staining
the slices were washed three times after the last antibody treatment and placed in water with 0.5
% Hoechst (33342, ThermoFisher Scientific) for ten minutes at room temperature. Last, the slices
were washed and then mounted onto frosted glass microscope slides (Thermo Scientifica) with a
ProLong Gold antifade mountant (Invitrogen) and left overnight for fixation at 4 °C.

The following primary antibodies were used:

- GFAP, polyclonal rabbit anti-cow GFAP 1:500 (Z0334, Dako);
- NeuN, monoclonal mouse anti NeuN 1:200 (MAB377, Chemicon).

The following secondary antibodies and compounds were used:

- anti-rabbit, polyclonal goat anti-rabbit IgG (H+L)-Alexa Fluor 488 1:500 (A11034,
Invitrogen);

- anti-mouse, polyclonal goat anti-mouse IgG (H+L)-biotin 1:500 (115-065-003, Dianoca);

- anti-biotin, Alexa Fluor 647 streptavidin conjugate 1:600 (S32357, Thermo Fisher Scientific).

After at least 24 hours of post-fixation, the sections were imaged using a laser scanning confocal
microscope (TCS SP8, Leica). The efficacy of the cre activation in the astrocyte specific CB1
receptor knock-out mice (aCB1KO, GLAST-CreERT2 x Ai14 x CB1f/f) was determined by taking
stacks of the hippocampal CA1 area (512 x 512 um, 450 x 450 pixel, pixel size 1.14 um, 2 um
z-steps) with a laser scanning confocal microscope (TCS SP8, Leica). Using Fiji/Image ], the
NeuN-positive neurons and GFAP-positive astrocytes were counted based on their nuclei
signal by Hoechst staining of the DNA and checked for co-localization with tdTomato in each
stack. Three sections of 20 um depth each were averaged per animal for analysis.
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2.6 BEHAVIORAL EXPERIMENTS

To examine the relevance of CB1 receptors in astrocytes in vivo, behavioral experiments with the
astrocytic knock-out animals were performed in collaboration with the laboratory of Heinz Beck.
The design of these experiments was developed by me with the expertise of Thoralf Opitz (senior
postdoctoral fellow, laboratory of Heinz Beck). The required animals for the experiments were
bred, tamoxifen injected and verified by me. I monitored the experiments and analyzed the
obtained data. The performance of the behavioral experiments and the corresponding handling
of these animals was the responsibility of Rebekka Zolzer (technical assistance, laboratory of
Heinz Beck).

Male and female GLAST-cre ERT2t/wt x CB1R!f x Ai14%/1 were injected with tamoxifen or sham
between postnatal day 21 and 28 as described. After one to two weeks of recovery, the animals
were handled on five consecutive days twice for five minutes each before participating in the tests
described. All animals used were housed under reversed light/dark conditions and were allowed
ad libitum access to food and water. All experiments were conducted in full compliance with
national and institutional guidelines. Behavioral testing was performed in a separate, quite area
during the beginning of the dark phase. The room was lid with dimmed red light and spatial cures
were present around the arena. All test and training sessions were recorded using a Basler
acA1300-200um camera system mounted above the arena (1280 x 1024 pixels). Between
animals the arena was cleaned using 70 % ethanol. Handling, training, testing and analysis were
conducted blind for the treatment the mice received.

For the analysis of the behavior experiments EthoVision XT14 (Noldus) was used. The mice
locomotion was traced automatically by three points (nose, center, tail), unless stated otherwise.
The tracing was then checked and, if necessary, manually corrected. For each of the tests, specific
areas of interest were drawn in the software to access the relevant behavior. As a measure of
locomotion, the total distance traveled and velocity were used.
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Figure 2.3 Illustrations of the mazes used for behavioral experiments. (A) open-field arena. (B) open-filed arena with possible
positions for objects illustrated by circles. (C) Y-maze. (D) O-maze with two possible air puff positions.

2.6.1 OPEN-FIELD TEST AND HABITUATION

The open-field arena (40 x 60 cm) was constructed of dark gray PVC with 23 ¢cm wall height and
light-gray flooring (Figure 2.3 A). Mice were placed in the middle of the arena and were allowed
to explore it freely. This was repeated for five consecutive days, each day for ten minutes. The
open field test was conducted on the data recorded on the first day in the arena. The open-field
test can be used to gain some inside on the animal’s anxiety. Therefore, an outer zone in the arena
was defined as an 8 cm gallery on the border of the arena, resulting in an inner zone of 24 cm x
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44 cm. The two groups were compared by analyzing the cumulative duration each animal spent
in the inner and outer zone. Additionally, the fecal boli deposits of the animals were counted
manually.

2.6.2 OBJECT LOCATION AND NOVEL OBJECT RECOGNITION TEST

Long-term memory was investigated using the novel object recognition task (NORT) and the
object location task (OLT). Both tasks were performed in the open-field arena. Objects of similar
size were used (3-4 cm in diameter) and placed randomly in the corners of the arena with a
distance of 9 cm from the walls (Figure 2.3 B). To allow familiarization and acquisition of the
memory regarding the objects and their locations, the mice were allowed ten minutes exploration
on the first day of the task. Retention of the memory was tested after a 24-hour delay by either
changing one object (different in shape, texture and color) or one’s location in the arena. During
this test the animal’s exploration of the area and objects was monitored for five to ten minutes.
The positions of the objects in the arena was randomized between animals. To examine whether
the animals remember the familiar object or its location, the time exploring the novel and familiar
object was determined. Object exploration was defined as the nose-point being within 2 cm of the
object, with body orientation towards the object. For both, the NORT and OLT, the two treatments
are compared by their total exploration time (Twti) and the discrimination index (DI). Animals
that showed excessive climbing or little exploration (Tt < 5 s in 10 min; Thovel V Ttamitiar < 1 s in
10 min; T < 2 s in 5 min; total distance < 1 m in 5 min) as well as outliers for the analyzed
parameters (mean * 2SD) were excluded (NORT = 7; OLT = 5).

Ttotar = Thover + Tfamiliar

_ (Tnovel + Tfamiliar)

DI =
(Tnovel - Tfamiliar)

2.6.3 SPONTANEOUS ALTERNATION TEST (Y-MAZE)

Spatial working memory was investigated using a Y-maze with three identical arms, each 40 cm
long and 8 cm wide, interconnected at 120° angle (Figure 2.3 C). Each arm had a different spatial
cue at the end. The mice were placed in the middle of the arena and were allowed to explore it
freely for ten minutes. For the spontaneous alternation test the center point of the animal was
automatically traced, checked and if necessary corrected. Owing to the inherent interest in
novelty, mice have a tendency to visit the arms in alternating order. Entrance into the second half
of each arm was defined as an arm visit. Zone visits, alternations and maximum possible
alternations were analyzed automatically and used to calculate the alternation index (Al) and
relative visits per arm for each mouse. Animals with an arm preference or aversion (relative arm
visits >23 % or <8 %, respectively) were excluded (n = 3).

alternations
Al = - - X 100%
max. possible alternations
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2.6.4 PASSIVE PLACE AVOIDANCE TEST

The passive place avoidance test was performed in a modified open-field arena resulting in a 10
cm wide gallery, called O-maze (Figure 2.3 D). Light-sensors on each side of the gallery (position
A and B) were used to activate a one-bar air puff (nitrogen gas) when the animal was disrupting
the light bridge. The animal was placed in the long arm of the arena in equal distance to the
possible air puff locations. The test consists of five consecutive days with specific air puff
positions to test different aspect of aversive memory. Each day a single trial of ten minutes free
exploration was performed. On the first day, the animals are habituated to the maze. On the
second and third day, the air puff was at position A. On the fourth day the air puff was removed.
Lastly, the air puff is moved to the opposite side (position B) on the fifth day. The main parameter
for the analysis was the number of light bridge disruptions, and hence, air puff activations,
defined as nose-point within the light bridge. Since the light bridge was present when the air puff
was not, it can be used as parameter on day four and five. Additionally, latencies to the first and
or last activation and interval between both were analyzed and compared between groups.

2.7 STATISTICS

Statistical analysis was performed with OriginPro. To compare categorical data the Fisher’s exact
test was used. For continuous data differential statistical analysis were performed depending on
the distribution, number of experimental groups, dependency of the variables and the variances
between the groups. All data was tested for normal distribution with the Shapiro Wilk test.
Normally distributed data were reported as mean * s.e.m. Statistical testing of one experimental
group were done with a one-population Student’s t-test. Results from experiments with two
groups were tested if paired with the paired t-test or if independent with the Student’s t-test with
or without Welsh correction, depending on the equality of the variance. In case the experiment
had more than two experimental groups or parameters a one-way or two-way ANOVA was used
followed by post-hoc Fisher’s LSD or Tukey test, as indicated. Paired data were analyzed with the
appropriate repeated measures ANOVA. Nonparametric data were reported as median *
interquartile range (IQR, 25-75 %). Statistical testing of one experimental group was done with a
one-population Wilcoxon signed-rank test. Two experimental parameters were tested in case of
paired recordings with the Wilcoxon signed-rank test or if the data were independent with the
Mann-Whitney test. For multiple parameters of paired recorded data, a Friedman ANOVA with
post-hoc Wilcoxon signed-rank test was used, independent samples were analyzed with a
Kruskal-Wallis ANOVA with post-hoc Mann-Whitney test. Some datasets are illustrated as box
and whisker plots. The box indicates the 25t and 75t, the whiskers the 5t and 95t percentiles,
the horizontal line in the box the median and the mean is represented by a filled circle. To
investigate whether two groups are related, the Spearman’s rank correlation coefficient was used.
In graphs, statistical significance is indicated by asterisk. * for p < 0.05, ** for p < 0.01 and *** for
p <0.001.
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3 RESULTS

3.1 THE RESTING CALCIUM CONCENTRATION SHAPES CALCIUM TRANSIENTS IN
ASTROCYTES

Astrocytes can control synaptic transmission as well as learning and memory through the release
of gliotransmitter (Guerra-Gomes et al., 2018). This release is mediated by astrocytic calcium
transients, which occur mostly in small subcellular compartments, the so-called microdomains
(Di Castro et al., 2011; Kanemaru et al.,, 2014). Here the influx of extracellular calcium and/or the
activation of G-protein-coupled receptors can evoke a further increase in the intracellular calcium
concentration by the activation of store-dependent release through IP3 and ryanodine receptors
(Bazargani and Attwell, 2016). This results in an increased frequency of the transients and
gliotransmitter release. The physiological principle regulating the waveform of these transients
is unknown. An interesting candidate for this is the local resting concentration of calcium. It has
been shown that the open probability of IP3 receptors has a bell-shaped dependency on
intracellular calcium concentration (Foskett et al., 2007; Hituri and Linne, 2013). This means that
small changes in the local resting calcium concentration could increase the open probability of
these receptors and thus cause a larger increase in cytosolic calcium, whereas very high
concentrations reduce the opening of IP3 receptors. Furthermore, higher calcium concentrations
could lead to partial saturation of the cytosolic calcium buffers. Accordingly, modelling suggests
that a higher resting calcium concentration results in a larger calcium transient amplitude
(Klingauf and Neher, 1997). Accordingly, the local pre-event calcium concentration could shape
the peak and/or amplitude of astrocytic calcium transients.

To investigate the relationship between the pre-event calcium concentration (baseline) and the
events maximal calcium concentration (peak) and its change from baseline to peak (amplitude),
tamoxifen-injected PC-GT-tdT x GLAST-creER/ERT2 mice expressing the genetically-encoded
calcium indicator GCaMP5g and the fluorescent protein tdTomato selectively in astrocytes were
used (Figure 3.2 A, left panel). This technique has the advantage that it allows the monitoring of
astrocytic calcium without perturbing astrocytes through whole-cell patch clamp recordings. The
intensity of the GCaMP5g can be used to examine the calcium concentration before and during
calcium transients. Nevertheless, its cytosolic concentration differs per voxel owing to differences
in the astrocytic volume fraction. Since the intensity of GCaMP5g depends on its cytosolic
concentration and the calcium concentration, values throughout the astrocytic territory will not
be comparable. To normalize for differences in the cytosolic concentration, the ratio of the
GCaMP5g fluorescence and the fluorescence of the calcium insensitive protein tdTomato
(background-subtracted) was calculated. It is important to note that changes in the calcium
concentrations do not cause linear changes in the fluorescence intensity of GCaMP5g (Akerboom
et al,, 2012). Since this can influence the relationship of the baseline with the peak and/or the
amplitude of calcium transients, the effect this nonlinearity has on the Spearman’s rank
correlation coefficients was tested (Figure 3.1 and King*, Bohmbach* et al., 2020). Using the
calcium concentrations obtained through recordings with the calibrated calcium-sensitive
indicator Oregon Green 488 BAPTA (OGB)-1, the corresponding calcium-bound fraction of
GCaMP5g can be calculated for baseline, peak and amplitude. Both, the Spearman’s rank
correlation coefficient based on the estimated fluorescence and the measured calcium
concentration for baseline-peak and baseline-amplitude correlations showed a linear
relationship. This means a similar increase in the coefficient in both conditions. However, for the
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latter the y-intercept differed with 0.38 significantly from zero. Therefore, the Spearman’s rank
correlation coefficients calculated for baseline/amplitude correlations hereafter were corrected
to allow interpretation about the intracellular calcium concentration.

A Spearman R, baseline vs. peak B = Spearman R, baseline vs. amplitude
=) 8
§ 0.8 O'@ .g 0.6 ° 5
E 0.6 /,@? 8 0.4 (;)
g 0.4 O E 0.2 O O o
g 0.0
£ 0.2 da(@ g o O ° ¢}
<) é@ o 0.2 @
> 0.0 )
g o4l 0T °
£-024 o 3
2 ‘ ‘ ‘ ; , , © -0.6+— ; : : . .
g -02 00 02 04 06 08 &) -0.8 -06 -04 -02 00 0.2

Calculated from [Ca?*] Calculated from [Ca?*]

Figure 3.1. Correction of Spearman’s rank correlation coefficient R for correlations obtained with the fluorescent proteins
GCaMP5g and tdTomato. Estimating the corresponding GCaMP5g and tdTomato ratio (G/T) for baseline, peak and amplitude from
calcium concentrations measured with a calibrated calcium-sensitive indicator demonstrated the relationship between correlations
coefficients calculated using either method. (A) Spearman Rs for baseline-peak dependency obtained with either method overlap (n
= 20, Rz = 1, slope = 1, y-intercept = 0). (B) Spearman Rs for the relationship between baseline and amplitude showed a linear
relationship (n =20, R2 = 0.78). The y-intercept differed significantly from zero (y-intercept = 0.38 + 0.062, p = 0.00001). Note: Figure
adapted from C. Henneberger, published in King* Bohmbach* et al. (2020).

Time-lapse frame scanning of spontaneously occurring calcium elevations was performed in
acute hippocampal slices in collaboration with Daniel Minge. Transients of stratum radiatum
astrocytes were visually identified, the ratio of the GCaMP5g and tdTomato fluorescence intensity
(background-subtracted) was calculated and their baseline, peak and amplitude determined
(Figure 3.2 A, right panel). My analysis of the relationship between the local resting and the peak
calcium concentration revealed a significant overall positive correlation (Figure 3.2 B&C, gray).
This means that a higher baseline calcium levels results in higher peak calcium concentration. In
contrast, the amplitude of the calcium transients showed an overall negative correlation with the
baseline (Figure 3.2 B&C, turquoise). My analysis revealed a similar result for spontaneous
calcium transients in cortical astrocytes in vivo recorded in anesthetized mice by Andrea Delekate
and Cordula Rakers from the laboratory of Gabor C. Petzold (Figure 3.2 D).
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Figure 3.2. The local resting calcium concentration determines the peak and amplitude of astrocytic calcium transients. (A)
Representative astrocyte expressing the calcium indicator GCaMP5g and the fluorescent protein tdTomato (scale bar: 10 um). The
fluorescence ratio of both fluorescent proteins (G/T, background-subtracted) was used to analyze the relationship between baseline,
peak and amplitude of spontaneously occurring calcium transients. Representative traces did not occur simultaneously and were
aligned for illustration (scale bar: 2 s). (B) Scatter plot illustrating the relationship between the local resting calcium concentration
(baseline) and peak (gray) or amplitude (turquoise) of the G/T ratio. (C-F) Spearman’s rank correlation coefficient R was calculated
for individual cells between baseline and peak (gray) or baseline and amplitude (color, corrected values). (C) In acute hippocampal
slices baseline and peak calcium overall correlated positively (R = +0.39 + 0.05, n = 31, p < 0.0001, one-population Student’s t-test)
while baseline and amplitude correlated negatively (R = -0.29 + 0.06, n = 31, p < 0.0001, one-population Student’s t-test). (D)
Spontaneous calcium transients of cortical astrocytes recorded in vivo in anesthetized mice showed overall a positive correlation
between pre-event calcium baseline and peak (R = +0.34 * 0.09, n = 10, p = 0.004, one-population Student’s t-test) and a negative
correlation with the amplitude (R =-0.32 # 0.09, n = 10, p = 0.009, one-population Student’s t-test). (E) In presence of 2-APB (100
uM) and ryanodine (Ry, 10 uM) the positive correlation between peak and baseline remained (R = +0.39 + 0.09, n = 12, p = 0.001),
while baseline vs. amplitude did not differ from 0 (R =-0.21 £ 0.12, n = 12, p = 0.11). (F) When spontaneous calcium transients were
recorded in nominally 0 mM calcium, R was significantly reduced for peak, but not for amplitude. As a result, the correlation of the
peak did not reach significance anymore (R = +0.153 + 0.0908,n = 9, p = 0.13), amplitude did (R=-0.52 £ 0.10,n =9, p = 0.0007). (G)
Reducing extracellular calcium causes a decrease in the frequency of spontaneous calcium transients (0.80 + 0.07, n =9, p = 0.023,
one-population Student’s t-test). (H) The integral of the G/T ratio over time showed a significant decrease after application of aCSF
with nominally 0 mM calcium (0.87 + 0.04,n = 14, p = 0.003, one-population Student’s t-test). 78.6 % of astrocytes showed a reduction
of more than 5% in the integral. Note: A subset of the displayed results are published in King* Bohmbach* et al,, 2020.
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To unravel the underlying molecular mechanism, recorded spontaneous astrocytic calcium
transients in the presence of blockers for store-dependent calcium entry through inositol
trisphosphate (IP)3 receptors (2-APB) and ryanodine receptors (ryanodine) were recorded by
Daniel Minge in acute hippocampal slices. | analyzed how these blockers influences the described
relationships (Figure 3.2 E). While the positive correlation between resting and peak calcium
remained overall significant, the correlation coefficients for baseline and amplitude did not. To
investigate the relevance of calcium entry from the extracellular space, spontaneous calcium
transients in artificial cerebrospinal fluid (aCSF) with nominally 0 mM calcium were recorded. In
this case, the opposite effect was observed (Figure 3.2 F). The correlation coefficient of baseline
and peak calcium concentration was overall significantly decreased (0.31 + 0.06 vs. 0.15 * 0.09,
n =9 p = 0.043, paired t-test, data not shown), not reaching significance anymore. The
relationship between baseline and amplitude, however, was unchanged (-0.45 * 0.09 vs. -0.52 +
0.10, n = 9, p = 0.34, paired t-test, not shown) and showed an overall negative correlation.
Mechanistically, these results indicate, that the decrease in the amplitude of calcium transients
with increasing resting calcium concentrations is regulated through store-depend release. On the
other hand, the increase in the peak concentration with increasing resting calcium concentration
appears to be coupled to the influx of calcium from the extracellular space.

The spontaneous calcium transients recorded in acute slices showed a mean frequency of 1.33 *
0.20 (n = 25) events per minute with a coefficient of variation of 0.74. Inhibiting calcium entry
from the extracellular space resulted in a significant decrease of the calcium event frequency
(Figure 3.2 G). The total frequency of calcium transients in astrocytes is low and therefore large
variations can occur. Moreover, the analysis needs to be often performed manual. To have a more
unbiased parameter to detect also small differences in astrocytic calcium, the integral of the
fluorescence ratio throughout the astrocyte territory was determined. A decrease of the transient
frequency should lead to an overall decrease in the fluorescence ratio. Indeed, a significant
reduction in the integral of the fluorescence ratio over time was found after the application of
aCSF with nominally 0 mM calcium (Figure 3.2 H). In nearly 80 % of the astrocytes a decrease of
more than 5 % in the integral was observed after application. Next, it was tested whether the
reduction in frequency and the reduction in integral were related using the Spearman’s rank
correlation. Both showed a significant correlation to each other (R = +0.80, n = 9, p = 0.0099,
Spearman’s rank correlation), i.e., greater changes in the integral correspond to a stronger
reduction in frequency. This suggests that the integral of the fluorescence ratio can serve as a
crude estimate of changes in the astrocyte calcium transient frequency.

Next, we investigated whether the same relationship between baseline, peak and amplitude of
the calcium concentration found for spontaneous calcium transients in anesthetized mice, could
be uncovered for transients evoked by behavior in vivo. It is well known, that locomotion causes
calcium increases in cortical astrocytes (Dombeck et al., 2007). Therefore, Andrea Delekate from
the laboratory of Gabor C. Petzold recorded and I analyzed whether locomotion-associated
calcium transients in awake, head-fixed mice running on a treadmill showed the same
relationship of baseline and peak or amplitude (Figure 3.3 A). During the ten minutes of recording
time, the mice travelled between 115 and 2044 cm with an average speed of 65.4 + 18.3 cm/min.
Approximately 90 % of all transients occurred within six seconds of a movement with a velocity
of at least 1 cm/s and hence, were considered locomotion-associated (Figure 3.3 B). These
transients showed heterogeneity within and between locomotion bursts, between the astrocytes
in the field of view and within a single astrocyte (Figure 3.3 C&D).
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Overall, the relationship between the parameters was comparable to the earlier experiments. The
pre-event baseline and the peak showed a persistent significant positive correlation (Figure 3.3
E&F, gray), while the amplitude negatively correlated with the baseline (Figure 3.3 E&F,
turquoise). These results show that in astrocytes the peak of a calcium response scales positively
with the local resting concentration. This is mediated by the influx of calcium from the
extracellular space. In contrast, the calcium concentration of the amplitude scales negatively with
the pre-event baseline. Store-dependent calcium release underlies this relationship.
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Figure 3.3. Locomotion-associated calcium transients in awake mice. (A) Schematic of the experimental setup. (B) Example of
the number of calcium events (gray) and movement speed (turquoise; threshold 1 cm/s, dashed line) of a single mouse (time bins of
3 s), illustrating the correlation between both. (C) Field of view (scale bar: 50 um) and example traces (GCaMP5g and tdTomato ratio,
background-subtracted) recorded during the time window indicated by the blue dashed box in B (scale bar: 10 s). For approximately
90 % of the transients, the peak occurred 6 s before or after locomotion. (D) Zoom-in of a single astrocyte (upper right cell in C, scale
bar: 10 pm) and representative transients (not simultaneously occurring, aligned for illustration, scale bar: 5 s). (E) Scatter plot
illustrating the relationship between the local resting calcium concentration (baseline) and peak (gray) or amplitude (turquoise) of
the G/T ratio. (F) The local resting concentration of locomotion-associated calcium transients in vivo correlated overall positively
with the peak (R = +0.27 + 0.04, n = 10, p = 0.0002, one-population Student’s t-test) and negatively with the amplitude (R =-0.38 +
0.04 (corrected), n =10, p < 0.0001, one-population Student’s t-test). Note: The displayed results are published in King* Bohmbach* et
al, 2020.
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Since it has been shown, that the resting calcium concentration varies between single astrocytes
(Zheng et al.,, 2015), the response of astrocytes to activation of, for example, endocannabinoids
might vary from cell to cell. Furthermore, this would mean that the same stimulus might result in
the release of gliotransmitters in one cell, but this might not happen in the neighboring cell. Since
data from our laboratory suggests also large heterogeneity of the resting calcium concentrations
within a single astrocytes (King*, Bohmbach* et al., 2020), the regulation of synaptic transmission
might be organized in even smaller functional units. Additionally, the results showed that a
decrease of the extracellular calcium leads to a decrease in spontaneous calcium transient
frequency. This decrease scaled with a decrease in the integral of the fluorescence ratio within
the astrocyte’s territory. Accordingly, the relative change in integral might be used as an
alternative indicator of changes in astrocyte calcium frequency.
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3.2 MICROIONTOPHORETIC STIMULATION TO STUDY DENDRITIC INTEGRATION

Astrocytic calcium transients can evoke the release of gliotransmitter and regulate synaptic
transmission (Guerra-Gomes et al., 2018). One of the aims of my thesis is to investigate whether
astrocytes are able to modulate neuronal input computations through, for example by releasing
D-serine. CA1 pyramidal cells integrate synaptic input not only at the soma but also locally in
dendrites summation and integration of synaptic conductance takes place. This process is called
dendritic integration (Losonczy and Magee, 2006). Through distinct input computations different
patterns of activation are detected. Interestingly, the activation of spatially clustered synapses in
a temporally synchronous manner results in supralinear integration and hence, increased
neuronal output (Losonczy and Magee, 2006). NMDA receptors have a central role in this. NMDA
receptor opening requires the presence of glutamate and a co-agonist (Johnson and Ascher,
1987). Hence, I hypothesized that astrocytes can modulate dendritic integration through the
supply of NMDA receptor co-agonist or local clearance of glutamate. To test this hypothesis I will
use, among others, pharmacological interventions to determine their effect on the local input
integration. Therefore, a technique that permits repetitive, local stimulation of a dendrite is
required. A widely-used technique to investigate dendritic integration is two-photon uncaging of
glutamate. This technique allows the stimulation of several individual spines through laser-
activated release of glutamate from its cage. However, repetitive laser stimulation of a single
spine to uncage glutamate can cause phototoxicity (Ellis-Davies, 2019). This will limit the number
of repetitions that can be performed to study the integration of an individual dendrite. An
alternative approach is the microiontophoretic stimulation with glutamate, which is ejected out
of the pipette by an electrical current. Photo damage can be mostly excluded with this method
since two-photon laser excitation is only required for positioning the pipette. However, this
technique uses a point source to stimulate the dendrite with glutamate. This will result in a
diffusion gradient of glutamate with increasing distance to the microiontophoresis pipette. Spines
at distinct distances from the microiontophoretic pipette will be stimulated with varying amounts
of glutamate. Therefore, it is important to determine the spatial extent of the ejected glutamate
in the tissue to have an indication of the number of spines that are recruited. However, the spatial
extent of this diffusion cannot be easily visualized.
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To investigate the spatial extent and, hence, whether this method allows spatially defined
activation of spines, whole-cell patch clamp recordings of CA1 PCs were performed. The neuron
was filled via the patch pipette with Alexa Fluor 594 to visualize the dendritic tree. Next, the
microiontophoresis pipette, filled with glutamic acid and Alexa Fluor 594, was placed in close
proximity to a spine under guidance of two-photon excitation fluorescent microscopy (Figure 3.4
A). By retracting the iontophoretic pipette in 1 um steps the spatial extent of the stimulation was
estimated by the reduction in the amplitude of the evoked excitatory postsynaptic potential
(EPSP) recorded at the soma (Figure 3.4 B&(C). With an average stimulation intensity of 0.35 *
0.03 pA and a duration of 0.57 * 0.05 ms an initial EPSP of 5.57 + 0.86 mV was evoked (n = 6, not
shown). Fitting the reduction in amplitude with a mono-exponentially decaying function resulted
in a length constant t of 2.69 um (R2 = 0.99). The spatial extent of the released glutamate was
estimated to have a radius of 16 * 1.15 um (n = 6). This means that spines within a radius of 16
um will be stimulated by decreasing concentration of glutamate. Miiller et al. (2012) found a
radius of 12 um using the same technique. As this is considerably smaller than estimated from
my results, it should be noted that the spatial extent depends on the stimulation intensity and
duration used. The stimulation intensity used here initially evoked an EPSP of more than 5 mV.
In a subset of other experiments, this intensity was sufficient to evoke a dendritic spike (for
example see Figure 3.5 B2). Expectedly, a rather large dendritic segment is activated. A dendritic
segment of 32 um contains on average 60 spines, however, the number can range from 30 to 120
ones (Harris and Stevens, 1989). Owing to the concentration gradient, some of these spines will
be stimulated only by minor amounts of glutamate. Also two-photon uncaging requires the
recruitment of more than 20 synapses within a dendritic segment of less than 20 um for spike
initiation (Losonczy and Magee, 2006). Taking the inhomogeneous glutamate concentration into
account, glutamate microiontophoresis should be sufficiently spatially defined to examine local
dendritic integration.
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Figure 3.4. Spatial extent of microiontophoretic stimulation. (A) Sample image of an apical oblique dendrite of a CA1 pyramidal
cell that was filled with Alexa Fluor 594 (40 puM) via the whole-cell patch clamp pipette to visualize the dendritic tree. A
microiontophoresis pipette containing glutamic acid (150 mM) and Alexa Fluor 594 (50 uM, for visualization) was placed in close
proximity (< 1 um) to a spine (scale bar: 5 pm, inset 20 pm). To quantify the spatial extent, the distance of the iontophoretic pipette
to the spine was stepwise increased while keeping the stimulation intensity and duration constant. The small insets show the
retraction of the pipette in 2 um steps from the initial position. (B) Corresponding traces of excitatory postsynaptic potentials (EPSPs)
recorded at the soma of the whole-cell patch clamped CA1 pyramidal cell with increased iontophoretic displacement (scale bar: 2 mV,
2 ms). (C) Summary plot of the relative EPSP amplitude with increasing distance to the initial position (n = 6).
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Next, [ investigated if microiontophoresis stimulation with glutamate is indeed able to evoke
different forms of dendritic integration. This requires the EPSPs to sum differentially between
dendrites resulting in either no dendritic spike and linear summation or initiation of dendritic
spikes and supralinear summation of synaptic inputs. Therefore, acute horizontal hippocampal
slices from young adult rats were used. To increase the probability of EPSPs and dendritic spikes
propagating to the soma, inhibition was blocked by the GABA,4 receptors antagonist picrotoxin.
Since application of this antagonist can result in spontaneous, epileptiform activity from
recurrent connections in CA3, a cut was made at the border of the CA3 region. Then, whole-cell
patch clamp of a CA1 PC was performed and the microiontophoresis pipette was placed, as
described. Using the microiontophoresis, local synaptic activation by the release of glutamate was
mimicked by ejecting glutamate from the small opening of the micropipette in close proximity (<
1 pum) to a spine of a whole-cell patched CA1 PC (Figure 3.5 A1-C1). The dendrite was stimulated
every three seconds with increasing amounts of glutamate while recording the resulting EPSP at
the soma. The input-output computation of a dendrite was examined by plotting the stimulation
intensity against the corresponding amplitude of the EPSP (Figure 3.5 A2-C2) or its maximum
slope (Figure 3.5 A3-C3). These plots illustrate the distinct features of linear and supralinear
integration. Stimulation of linear integrating dendrites (Figure 3.5 A2) showed the characteristic
linear increase in the amplitude of the somatic potential until the occurrence of a somatic action
potential (AP). Moreover, the maximum slope showed a linear increase, too (Figure 3.5 A3). In
contrast, in dendrites with supralinear integration a step-wise increase in the maximum slope
was detected (Figure 3.5 B3&C3). Accordingly, a deviation from linearity was also observed for
the amplitude (Figure 3.5 B2&(C2).

Another important feature of supralinear dendritic integration is the difference in the strength of
dendritic spikes. Losonczy et al. (2008) showed that the maximum slopes of dendritic spikes are
not resulting in a single population, but rather show two distinct populations. To distinguish
whether microiontophoretic stimulation permits the induction of dendritic spikes with different
strength, a histogram of the maximum slope of all dendritic spikes recorded was plotted. In
accordance with the previously published data, also the maximum slopes evoked by
microiontophoretic glutamate stimulation showed two distinct populations of dendritic spikes.
Weak spikes had a small maximum slope (1st peak: 1.62 + 0.04 mV/ms, example in Figure 3.4 B)
and strong ones a larger one (2nd peak: 4.66 + 0.14 mV/ms, example in Figure 3.4 C). These peaks
are comparable to the distribution found by others with averages ranging from 0.37 mV/s to 4
mV/ms for weak dendritic spikes and 3.49 mV/ms to 8 mV/ms for strong ones in apical oblique
and basal dendrites of CA1 PCs (Losonczy et al,, 2008; Miiller et al., 2012; Remy et al., 2009).

Overall, these results show that microiontophoretic stimulation of dendrites is a suitable
technique to investigate the local dendritic integration. Although a point source is used, ejected
glutamate permits a sufficient spatially-defined stimulation. Moreover, microiontophoretic
stimulation can be used to distinguish distinct integration modes and dendritic spike strength
present in individual dendrites. Therefore, this is a suitable technique to study the role of
astrocytes in different forms of local dendritic integration.
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Figure 3.5. Dendrites of CA1 pyramidal cells have different modes of integrating input. While some dendrites showed a linear
integration of the received input (A), others displayed supralinear integration (B&C). The two types of supralinear integration could
be distinguished. Dendrites either exhibited weak (B) or strong dendritic spikes (C). (A1-C1) For each type of integration a
representative maximum intensity projection of a stimulated dendritic segment, filled with Alexa Fluor 594 (40 uM) via whole-cell
patch clamp of a CA1 pyramidal cell, and the placed microiontophoresis pipette, filled with 150 mM glutamic acid and 50 pM Alexa
Fluor 594 is shown (scale bar: 5 pm). (A-C2) The relationship between the microiontophoretic stimulation intensity (amount of
ejected glutamate) and the somatic amplitude allowed the identification of the mode of integration performed by the stimulated
dendritic segment. Subthreshold EPSPs followed a linear integration (dashed black line). The first dendritic spike is highlighted by a
vertical dashed line and marks the point of deviation from linearity. The small insets display the corresponding voltage traces
recorded at the soma (scale bar: 5 mV, 20 ms). (A3-C3) The nonlinearity of the dendritic integration became more obvious when the
maximum amplitude of the first derivative of the somatic potential (the maximum slope) was plotted against the stimulation intensity.
The small insets display the corresponding traces (scale bar: 5 mV, 20 ms or 2 mV/ms, 5 ms, respectively). (D) Left, frequency plot of
the maximum slopes of 82 nonlinear integrating dendrites from CA1 pyramidal cells allowed the identification of the two types of
supralinear integration (fitted by two Gaussian curves). The 1st peak at 1.62 + 0.04 mV/ms corresponded to weak dendritic spikes,
the 2nd peak at 4.66 + 0.14 mV/ms to strong dendritic spikes (R2 = 0.96, n = 82). Right, dendritic spike somatic trace and its first
derivative (first spike in (B) and (C)) are enlarged to illustrate the two populations observed (scale bar: 5 mV, 5 ms, 2 mV/ms,
respectively). AP, action potential; d-spike, dendritic spike.
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However, does microiontophoretic stimulation also permit repetitive, stable stimulation of the
same dendrite? Since one of the aims of my thesis is to unravel the role of NMDA receptor co-
agonists in dendritic integration, pharmacological interventions will be used. Drugs are usually
applied via the bathing solution. Therefore, the position of the microiontophoresis pipette needs
to be stable throughout the time course of the experiments. A comparison between different cells
is not suitable for these experiments. Owing to the different distances of the dendritic segment to
the soma, the potential will be differentially affected by dendritic filtering. Thus, amplitude
recorded at the some will show large variations between cells. Losonczy and Magee (2006) found
that the amplitude at the dendritic spike threshold was almost half when comparing proximal
and distal stimulation of a single dendritic branch. This highlights the importance of performing
paired measurements when investigating the effects of pharmacological interventions on, for
example, the amplitude of the slow, NMDA receptor-mediated component of dendritic spikes.

To investigate the stability of the microiontophoretic stimulation, a CA1 PC was whole-cell
patched, filled with Alexa Fluor 594 and the microiontophoresis pipetted positioned as before
(Figure 3.6 A&B). Then, the integration of a dendrite was recorded (Figure 3.6 C). After five
minutes the measurements were repeated. For the analyze several parameters were used. The
amplitudes of the initial iontophoretic EPSPs (iEPSPs) should be highly sensitive to movement of
the micropipette as suggested by the spatial extent of the stimulation (Figure 3.4). Notably, a
much smaller stimulation intensity is required for iEPSPs. Thus, minor movements of the pipette
will likely cause EPSP failure. However, the recordings did not show a difference in the iEPSP
amplitude (1.21 £ 0.07 mV vs. 1.06 + 0.12 mV, n = 5, p = 0.19, paired t-test, not shown). Next, the
stimulation intensity, which corresponds to the amount of glutamate ejected, required to evoke
the first dendritic spike (threshold stimulus, Figure 3.6 D) was examined. This did not differ
between the two conditions. The stability of larger EPSPs was determined through the amplitude
of the last EPSPs before a dendritic spike was evoked in either condition. Importantly, also these
subthreshold EPSP did not change over time (Figure 3.6 E, left panel). As a measure for the
contribution of NMDA receptors to dendritic spikes, the amplitude of the slow component was
evaluated at a stimulation intensity, at which a dendritic spike was present in both conditions
(Figure 3.6 E right panel, sample trace in A, dashed box). Lastly, the stability of sodium channel
recruitment during the fast phase of the dendritic spike was estimated by the maximum slope of
the first dendritic spike in each condition (Figure 3.6 F). None of these parameters changed
significantly over time. These data prove the stability of the performed microiontophoretic
stimulation.

In summary, microiontophoretic stimulation with glutamate is suitable to activate a defined
ensemble of spines on a single dendrite. Sequentially increasing the microiontophoresis
stimulation intensity, and hence, increasing the ejected amount of glutamate, the dendritic
integration of postsynaptic signals can be investigated in CA1 PCs. Importantly, with this
technique reliable, repetitive stimulation of the same spines on a dendrite is possible. Therefore,
the effect of pharmacological interventions can be determined from one dendrite.
Microiontophoretic stimulation is a suitable technique to investigate the role of astrocytes in
modulating dendritic integration and spine size-dependent glutamate uptake.
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Figure 3.6. Stable evocation of dendritic spikes by microiontophoresis stimulation. (A) Schematic of the recording
configuration. In the horizontal hippocampal slices, the CA3 region was separated and a CA1 pyramidal cell was whole-cell patch
clamped and filled with Alexa Fluor 594 (40 uM) for visualization. The microiontophoresis pipette filled with glutamic acid (150 mM)
and Alexa Fluor 594 (50 uM) was placed close to a spine on an apical oblique dendrite in the stratum radiatum. (B) Maximum intensity
plot of a whole-cell patch clamped CA1 pyramidal cell (scale bar: 20 pm) and enlargement of the dendritic segment with the
microiontophoresis pipette (scale bar: 5 pm). (C) Representative experiment showing the amplitude of EPSPs on a nonlinear
integrating dendrite with increasing iontophoretic stimulation intensity before (black) and after a delay of five minutes (black). Right,
upper inset shows the corresponding somatic voltage traces under baseline condition (scale bar: 5mV, 20ms). The first dendritic spike
(threshold) is marked by the dashed line. The corresponding EPSPs for both conditions (scale bar: 5 mV, 20 ms) and their first
derivative (scale bar: 1 mV/ms, 5 ms) are shown in the lower, right inset. (D) The stimulation intensity at the threshold of the dendritic
spike (0.56 + 0.08 pA vs. 0.56 + 0.08 pA, n = 6, p = 0.76, paired t-test), (E) amplitude of large subthreshold EPSP (12.01 # 2.89 mV vs.
11.56 + 2.54 mV, n = 6, p = 0.64, paired t-test) and the NMDA receptor component of dendritic spikes (13.22 + 2.74 mV vs. 13.39
2.69mV,n=6,p=0.63, paired t-test) as well as (F) the maximum slope of the first dendritic spike (2.07 + 0.32 mV/ms vs. 2.06 + 0.33
mV/ms, n =6, p = 0.12, paired t-test) did not change significantly after the delay.
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3.3 GLUTAMATE UPTAKE AND DENDRITIC INTEGRATION DEPEND ON SPINE SIZE

After establishing that microiontophoretic stimulation is a suitable technique for repeated local
recruitment of locally, it was used to investigate the hypothesis of differential glutamate clearance
by astrocytes depending on spine size. The majority of glutamate is taken up by astrocytes
(Danbolt, 2001). Changes in the glutamate clearance in the CA1 microcircuit have been associated
with, for example, differential recruitment of NMDA receptors (Katagiri et al., 2001). Since
astrocytic glutamate transporters are enriched in fine perisynaptic astrocytic processes (PAPs;
Sakers et al,, 2017), the proximity of these to the spine have been suggested to determine the
efficacy of glutamate uptake. Moreover, it has been shown that changes in plasticity are
accompanied by changes in the astrocyte morphology (Bernardinelli et al.,, 2014; Lushnikova et
al, 2009). However, it is unknown whether these changes also affect the local uptake of
glutamate. Since it is assumed that plasticity also changes the size of spines, a difference in
glutamate uptake between small and big spines has been suggested (Rose et al, 2018).
Experiments by Michel K. Herde in our laboratory suggest that indeed the local perisynaptic
glutamate concentration differs between spines of different size (Herde et al., unpublished).
Whether this also results in functional different synaptic transmission is unknown.

NMDA receptor recruitment is crucial for the induction of dendritic spikes (Losonczy and Magee,
2006). NMDA receptors in CA1 pyramidal cells are not only found within the synapse but also
peri- and extrasynaptic (Harris and Pettit, 2007; Petralia et al., 2010). The concentration of
perisynaptic glutamate is tightly regulated by astrocytic glutamate uptake (Asztely et al., 1997).
The observed increase in the perisynaptic glutamate concentration selectively at larger spines
could result in an increased recruitment of extrasynaptic NMDA receptors and an increase in
synaptic cross talk at selectively these spines. Accordingly, both of these effects could result in an
increased probability of dendritic spike induction. To test this hypothesis, | investigated the mode
of integration in relation to the size of the initially microiontophoretically stimulated spine. As
described before, a CA1 PC was whole-cell patched, filled with Alexa Fluor 594 and the
microiontophoresis pipetted positioned. The size of the stimulated spine could not be measured
directly. The diffraction limits the z-resolution of two-photon excitation fluorescent microscopy.
Therefore, an indirect, relative measurement was used to estimate the spine size. The Alexa Flour
594 intensity of the stimulated dendrite was imaged along the z-axis (Figure 3.7 A). The integral
of the Gaussian curve-fitted intensity profile of several spines on a single dendrite was used to
determine the relative spine size (Figure 3.7 B). The size of the stimulated spine was measured
in relation to the median spine size along the dendrite. Overall, dendrites that showed a dendritic
spike and supralinear integration had a significantly larger initially stimulated spine than linear
integrating dendrites without dendritic spikes (Figure 3.7 C). In line with this, a significantly
larger amount of the small spine (> 80 %) showed a linear integration (p = 0.0031, Fisher’s exact
test). Noteworthy, no difference in the duration of the microiontophoretic stimulation was found
between both groups (0.50 + 0.05 ms vs. 0.52 + 0.03 ms, n = 11/34, p = 0.75, Student’s t-test, data
not shown) that could have confounded the observed result. These results suggest indeed, that
the difference in perisynaptic glutamate concentration observed by Michel K. Herde results in an
increased probability of dendritic spike induction. Furthermore, it raises the possibility that the
induction of dendritic spikes is favored after LTP. However, these data do not allow conclusions
to be drawn whether a differential glutamate uptake is responsible for the observed effect.
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Figure 3.7. Spine size predicts of the mode of integration. (A) Maximum intensity plot of a dendrite filled with Alexa Fluor 594
(40 uM) through a whole-cell patch clamp pipette, and microiontophoresis pipette, filled with glutamic acid (150 mM) and Alexa Fluor
594 (50 uM), illustrating the different sizes of spines (white arrow - big spine, turquoise arrow - small spine, scale bar: 2pm). (B)
Spine-size was examined through the z-axis profile of the Alexa Fluor 594 intensity (big spine - gray; small spine - turquoise). This
was fitted with a Gaussian curve (dashed lines, scale bar: 1 au x 2 pm) and the integral was determined. The median integral of 5 to
15 other spines on the same dendritic segment was used to determine the relative size of the stimulated spine. (C) The relative size
of the initially iontophoretically stimulated spine showed a significant larger relative spine size (= 1 big spine, < 1 small spine) in
dendrites with supralinear integration compared to linear integrating dendrites without dendritic spikes (0.83 IQR 0.69-0.90 vs. 1.10
IQR 0.98-1.37,n=11/34, p < 0.0001, Mann Whitney test).

To study more directly how glutamate clearance differentially modulates the activation of small
and big spines, I combined whole-cell patch clamp recordings of CA1 PCs with two-photon
excitation microscopy and microiontophoretic glutamate application (Figure 3.8 A). A cell was
filled with Alexa Fluor 594 and the calcium indicator Fluo-4 via the patch pipette to visualize
cellular morphology and monitor intracellular calcium, respectively. The microiontophoresis
pipette filled with glutamate was placed in proximity of an apical oblique dendrite for stimulation
of several spines at the same time (Figure 3.8 B, upper panel). The relative size of each stimulated
spine was determined as described before. As a readout for the local synaptic recruitment, NMDA
receptor-mediated responses were used. NMDA receptors have a high glutamate affinity and it is
possibe to visualize their opening through changes in the intensity of the calcium indicator Fluo-
4. Therefore, line scanning through individual spines can be used to determine their individual
responses. To isolate NMDA receptor-mediated responses, the membrane potential of the whole-
cell patched neuron was voltage clamped to -20 mV and voltage-gated sodium channels (VGSCs),
L-type voltage-gated calcium channels (VGCCs), AMPA receptors and metabotropic glutamate
receptors (mGluRs) were blocked pharmacological. The local calcium responses recorded under
these conditions were mainly mediated by NMDA receptors, since blockade with the selective
antagonist APV significantly reduced the calcium transient amplitude (Figure 3.8 C).
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Figure 3.8. Small spines of CA1 pyramidal cells are more affected by blockade of glutamate clearance. (A) Average intensity
plot of whole-cell patch clamped CA1 pyramidal cell (scale bar: 20 pm) filled with Alexa Fluor 594 (40 uM) and Fluo-4 (200 uM). (B)
Enlargement of the dendritic segment with the microiontophoresis and line scan location (scale bar: 3 um). Example of an intensity
profile over time at baseline and after bath application of TBOA (200 nM) for Alexa Fluor 594 (orange) and Fluo-4 (green). (C) NMDA
receptor-mediated responses were isolated by depolarizing the cell to -20 mV and the presence of blocker for mGluRs, AMPA
receptors, VGSCs and L-type VGCCs. Bath application of APV significantly reduced the amplitude AR/R0O (11.95 *+ 1.64 vs. 1.31 + 0.28,
n =14, p < 0.0001, paired t-test). (D) Resting fluorescence ratio (R0) showed no difference under control conditions (0.057 + 0.008
vs.0.061 £ 0.008,n = 39, p = 0.40, paired t-test), but increased significantly after application of TBOA (0.075 + 0.008 vs. 0.099 + 0.010,
n =49, p <0.0001, paired t-test). (E) No difference between the change of RO of small and big spines was observed (0.028 + 0.008 vs.
0.022 +0.008,n=22/28, p = 0.63, Student’s t-test). (F&G) Some traces reached saturation after application of TBOA, therefore AR/R0
was examined only in nonsaturated responses. (F) Average AR/RO traces for baseline (grey) and TBOA application (green) with
standard deviation for small and big spines, respectively (scale bar: 2 AR/R0 x 100 ms). (G) AR/RO decreased significantly in control
measurements (8.28 + 1.02 vs. 4.53 + 0.65, n = 20, p = 0.004, paired t-test) and after the application of TBOA (6.20 + 0.92 vs. 3.63 *
0.57,n =22, p=0.006, Wilcoxon signed rank test). (H) Scaled example of the response of a small and big spine with fit for the t of the
decay for baseline and after TBOA application (scale bar: 300 ms). (I) The decay time constant of the fluorescence ratio was unchanged
in control conditions (178.50 *+ 13.22 ms vs. 191.34 + 10.63 ms, n = 39, p = 0.18, paired t-test) but significantly increased after
application of TBOA (148.1 + 7.93 ms vs. 208.5 + 14.3 ms, n =49, p < 0.0001, paired t-test). (J) The normalized decay constant showed
no correlation with the spine size under control conditions (R =0.01, p = 0.95, Spearman’s rank correlation). After application of TBOA
the spine size negatively correlated with the normalized decay constant (R =-0.59, p < 0.0001, Spearman’s rank correlation).

(Figure legend continued on next page)
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(K) Sorting spines in small and big revealed significant differences between treatment and spine size (control small 1.05 + 0.07,n =
13; control big: 1.20 + 0.06, n = 26; TBOA small: 1.71 + 0.11, n = 22; TBOA big: 1.19 + 0.05, n = 27, treatment: p < 0.0001, spine size: p
=0.026, interaction: p < 0.0001, two-way ANOVA). Specifically, small spines had a greater change in the decay constant compared to
control experiments (p < 0.0001, post-hoc Tuckey test) and big spines with TBOA application (p < 0.0001, post-hoc Tuckey test). No
difference was detected between spine size under control conditions (p = 0.61, post-hoc Tuckey test) and big spines between
treatments (p = 1, post-hoc Tuckey test). Note: The displayed results are part of the manuscript Herde et al., unpublished.

To evaluate the role of glutamate clearance, the glutamate transporters EAAT1 and 2 were acutely
blocked by bath application of TFB-TBOA and the calcium responses to iontophoretic stimulation
were monitored in single spines by line scanning through them (Figure 3.8 B, lower panel). The
effect of glutamate uptake blockade was examined by comparing the relative change in the local
calcium response after TFB-TBOA application to that of a control recording where no drug was
applied. A significant increase in the local resting calcium concentration (R0) was observed
selectively after bath application of TFB-TBOA (Figure 3.8 D). However, no spine size-dependent
difference was found (Figure 3.8 E). Most likely, this increase is caused by an increased
recruitment of tonic NMDA receptor currents by an increase in the ambient glutamate
concentration (Meur et al, 2007). The amplitude of the calcium transients showed large
variations between spines (Figure 3.8 F), and an unspecific rundown in both conditions (Figure
3.8 G). Probably this effect is caused by the strong calcium influx after repetitive holding potential
increases and glutamate applications at relatively distal dendrites (Rosenmund and Westbrook,
1993). The decay time constant of NMDA receptor-mediated responses has previously been used
to be sensitive to changes in glutamate uptake (Armbruster et al., 2016; Romanos et al., 2019).
Also in my recordings, the decay constant showed a significant increase after application of TFB-
TBOA, while it remained stable under control conditions (Figure 3.8 H&I). Importantly, I
observed a strong negative correlation between the normalized decay constant and the relative
size of the corresponding spine only after TFB-TBOA application (Figure 3.8 J). Sorting spines
according to their relative size revealed that specifically small spines were affected by the
blockade of glutamate clearance.

These results suggest that iontophoretically applied glutamate has a longer dwell-time at larger
spines compared to smaller ones. Furthermore, the induction of dendritic spikes is favored when
relatively big spines are stimulated with the microiontophoresis. Together with the obtained data
from Michel K. Herde, these observations support the hypothesis that glutamate uptake efficiency
is higher at small spines than at big ones. Moreover, it suggests that astrocytes can modulate
dendritic integration through the efficiency of glutamate uptake.
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3.4 THE ROLE OF NMDA RECEPTORS IN DENDRITIC INTEGRATION

But can astrocytes also modulate dendritic integration by supplying NMDA receptor co-agonist?
To address this question, I first explored the general role of NMDA receptors and the possible
modulation of their recruitment during the different forms of dendritic integration. The
biophysical characteristics are fundamental for the recruitment of NMDA receptors. Opening of
the channel pore requires aside from glutamate also depolarization and the presence of a co-
agonist (Johnson and Ascher, 1987; Matsui et al., 1995). It has been shown that both D-serine and
glycine act as co-agonists of NMDA receptors. Thus, NMDA receptors are co-incidence detectors
for pre- and postsynaptic activation whose recruitment can be dynamically regulated by the local
co-agonist concentration. However, this required that the co-agonist binding site of NMDA
receptors is not saturated. Only if an exogenously-applied co-agonist is able to modulate NMDA
receptor recruitment, dynamic modulation by astrocytes is possible. The following experiments
will explore this possibility for different input integrations in CA1 pyramidal cells.

3.4.1 LINEAR INTEGRATION IN APICAL OBLIQUE DENDRITES

First, the role of NMDA receptors in linear integrating dendrites was studied. In these dendrites
APs were evoked before the occurrence of dendritic spikes. By gradually increasing the ejected
glutamate, EPSPs of increasing size were evoked (Figure 3.9 A). Eventually the whole-cell patched
neurons fired a somatic action potential (AP). This was repeated for the same dendrite after bath
application of APV, a selective antagonist of NMDA receptors. To analyze the effect of the NMDA
receptor blockade, the amplitude of iEPSP (small, unitary-like EPSPs) and the average amplitude
of the last four EPSPs before evoking a somatic AP (subthreshold EPSPs) were used. As expected,
iEPSPs showed no significant NMDA receptor-component (0.72 + 0.13 mV vs. 0.68 £ 0.15 mV, n =
5, p = 0.62, paired t-test, not shown). However, the amplitude of subthreshold EPSPs decreased
significantly after APV application (Figure 3.9 B). Having established and quantified the role of
NMDA receptor recruitment in dendrites with a linear input integration, the possible modulation
by NMDA receptor co-agonist supply was investigated next. Experiments were also performed
under baseline condition, followed by a wash-in of saturating concentrations of D-serine (Figure
3.9 Q). Accordingly, this should maximize the recruitment of NMDA receptors, if the co-agonist
binding site is not already saturated under baseline condition. Expectedly, AMPA receptor-
mediated iEPSPs remained unchanged by this treatment (0.98 + 0.18 mV vs. 0.98 £ 0.13 mV, n =
5, p = 0.97, paired t-test, not shown). In contrast to blocking NMDA receptors, saturating the co-
agonist site did not significantly change the subthreshold EPSP amplitude (Figure 3.9 D).

These results suggest that while NMDA receptors are efficiently recruited during synaptic
activation of spines in linear integration dendrites, a modulation by additional release of NMDA
receptor co-agonists, like D-serine or glycine, is not possible. Accordingly, astrocytes will not be
able to dynamically modulate linear integration through the calcium-dependent release of D-
serine.
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Figure 3.9. The role of NMDA receptors in linear dendritic integration. (A) Sample experiment showing the relationship between
somatic amplitude and iontophoretic stimulation intensity of a linear integrating dendrite before (black) and after wash-in of the
NMDA receptor antagonist APV (50 pM, red). The insets show the corresponding somatic traces (scale bar: 5 mV, 20 ms). (B) Large
EPSPs (average of last four EPSPs before occurrence of an action potential, subthreshold EPSPs) had an APV-sensitive component
(15.33+1.24mVvs.11.60 + 1.40 mV,n =5, p = 0.047, paired t-test). (C) Amplitude of the somatically recorded voltage in dependency
of the iontophoretic stimulation intensity in a sample experiment of a linear integrating dendrite before (black) and after wash-in of
saturating concentrations of the NMDA receptor co-agonist D-serine (10 uM, orange). The insets show the recorded somatic potentials
for both conditions (scale bar: 5 mV, 20 ms). (D) The amplitude of subthreshold EPSPs (14.02 + 2.07 mV vs. 13.79 + 1.24 mV,n =5, p
= 0.82, paired t-test) did not change significantly after the application of D-serine.

3.4.2 SUPRALINEAR INTEGRATION IN APICAL OBLIQUE DENDRITES

Next, the role of NMDA receptors and their co-agonists in supralinear integrating dendrites was
determined. As parameters the stimulation intensity for the first dendritic spike (threshold
stimulus), the amplitude of iEPSPs, subthreshold EPSPs (without dendritic spike) and the NMDA
receptor component of the dendritic spike, as well as the maximum slope of the first dendritic
spike were used. After recording the initial integration of a dendrite, NMDA receptors were
blocked by bath application of APV (Figure 3.10 A). This resulted in a significantly higher
stimulation intensity, and hence, a larger amount of glutamate, needed to evoke the first dendritic
spike (Figure 3.10 B). While the amplitude of iEPSPs remained stable (1.08 + 0.12 mV vs. 0.96 +
0.11 mV, n =16, p = 0.32, paired t-test, not shown), the amplitude of subthreshold EPSPs (Figure
3.10 C, left panel) and of the dendritic spike’s NMDA receptor component were significantly
reduced (Figure 3.10 C, right panel). Surprisingly, the maximum slope of the dendritic spike was
also reduced by NMDA receptor blockade (Figure 3.10 D), although this parameter is thought to
depend on the recruitment of voltage-gated sodium channels. Overall, these results highlight the
importance of NMDA receptor recruitment for supralinear dendritic integration and the initiation
of dendritic spikes.
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Figure 3.10. NMDA receptors play a key role in nonlinear dendritic integration. (A) Representative example of the relationship
between iontophoretic stimulation intensity and somatic EPSP amplitude for a nonlinear integrating dendrite before (black) and after
application of the NMDA receptor antagonist APV (50 uM, red). The first dendritic spike in each condition is marked by a color-coded
dashed line, corresponding somatic traces for both conditions (scale bar: 5 mV, 20 ms) and their first derivative (scale bar: 5 mV/ms,
2 ms) are displayed. (B) The stimulation intensity at the threshold was significantly increased after blockade of NMDA receptors by
APV (0.31 £ 0.03 pA vs. 0.45 + 0.05 pA, n =16, p < 0.0001, paired t-test). (C) The amplitude of subthreshold EPSP (6.56 + 0.56 mV vs.
4.75+0.38 mV, n =16, p = 0.0001, paired t-test) and of the NMDA receptor component of dendritic spikes (14.36 + 1.23 mV vs. 9.42
+0.90 mV,n =16, p < 0.0001, paired t-test) showed a significant decrease. (D) The maximum slope was significantly reduced by APV
application (1.39 IQR 1.09-2.53 mV/ms vs. 1.04 IQR 0. 89-1.42 mV/ms, n = 16, p < 0.0001, Wilcoxon signed-rank test).

It is known that NMDA receptors are formed by different subunits (Ascher and Nowak, 2009;
Paoletti and Neyton, 2007) whereby the subunit composition can influence several biophysical
characteristics of the receptor. Furthermore, a distinct relevance of GluN2B subunit in
modulating synaptic plasticity has been suggest (Foster et al., 2010). To investigate the role of the
GluN2B subunit of NMDA receptors in dendritic integration, a selective blocker, Ro 25-6981, was
bath applied (Figure 3.11 A). Small iEPSPs did not change their amplitude in the presence of the
GluN2B antagonist (1.04 + 0.11 mV vs. 0.95 * 0.09 mV, n = 15, p = 0.33, paired t-test, not shown).
Similar to the results obtained with APV, Ro 25-6981 caused a significant increase in the
threshold stimulus of dendritic spikes (Figure 3.11 B). In line with this, the amplitude of
subthreshold EPSPs (Figure 3.11 C, left panel) and of the NMDA receptor component of dendritic
spikes decreased significantly (Figure 3.11 C, right panel). In contrast to the general blockade of
NMDA receptors, the maximum slope of the first dendritic spike was not influenced by selective
impairment of GluN2B-containing NMDA receptors (Figure 3.11 D). This suggests that receptors
containing the GluN2A-subunit in particular could modulate the recruitment of VGSCs.

Some studies have indicated an enrichment of GluN2B receptors at the peri- and extrasynaptic
sites (Stocca and Vicini, 1998). This would imply that the discovered differential glutamate
uptake and the proposed increase in recruitment of extrasynaptic NMDA receptors could also
specifically modulate the recruitment of GluN2B-containing NMDA receptors during supralinear
dendritic integration specifically. To investigate this hypothesis, the relationship between the size
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of the stimulated spine and the effect of Ro 25-6981 on the threshold stimulus was investigated.
However, no correlation was found (R = -0.03, n = 13, p = 0.90, Spearman’s rank correlation).
Accordingly, GluN2B-containing NMDA receptors are not recruited differentially in small and big
spines for the initiation of dendritic spikes.
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Figure 3.11. The GluN2B subunit is important for nonlinear dendritic integration. (A) Representative example of the
relationship between iontophoretic stimulation intensity and somatic EPSP amplitude for a nonlinear integrating dendrite before
(black) and after wash-in of the selective GluN2B-containing NMDA receptor antagonist Ro 25-6981 (0.5 pM, blue). The first dendritic
spike is marked color-coded by a dashed line, corresponding somatic traces (scale bar: 2 mV, 20 ms) and their first derivative (scale
bar: 1 mV/ms, 2 ms) are displayed. (B) The stimulation intensity at the threshold was significantly increased after blockade of NMDA
receptors containing the GluN2B subunit (0.34 * 0.03 pA vs. 0.43 + 0.03 pA, n = 15, p = 0.0035, paired t-test). (C) The amplitude of
subthreshold EPSP (6.65 IQR 4.89-9.81 mV vs. 5.58 IQR 4.86-6.14 mV, n = 15, p = 0.0256, Wilcoxon signed-rank test) and of the NMDA
receptor component of dendritic spikes (10.7 IQR 9.60-13.83 mV vs. 9.8 IQR 8.675-10.90 mV, n = 15, p = 0.0012, Wilcoxon signed-
rank test) showed a significant decrease. (D) The maximum slope of the first dendritic spike was not influenced by Ro 25-6981
application (2.14 IQR 1.19-4.94 mV/ms vs. 2.32 IQR 1.22-5.19 mV/ms, n = 15, p = 1, Wilcoxon signed-rank test).

My results showed the importance of NMDA receptors in supralinear dendritic integration and
dendritic spikes. Therefore, a potential dynamic modification for example by astrocytic release of
the NMDA receptor co-agonists D-serine, was next investigated. This means that the binding site
should not be saturated under baseline conditions and a higher concentration of NMDA receptor
co-agonists will further increase the recruitment of NMDA receptors. Using saturating
concentrations of the co-agonist D-serine the maximum possible NMDA receptor recruitment was
studied (Figure 3.12 A). Under these conditions, evoking a dendritic spike required significantly
less glutamate compared to the integration in physiological D-serine concentrations (Figure 3.12
B). As expected by the results from blocking NMDA receptors, the amplitude of iEPSP remained
unaffected (1.11 £ 0.13 mV vs. 0.93 + 0.10 mV, n =15, p = 0.11, paired t-test, not shown). Notably,
the amplitude of both, subthreshold EPSP (Figure 3.12 C, left panel) and of the dendritic spike
NMDA receptor component increased significantly (Figure 3.12 C, right panel). Furthermore, the
maximum slope of the dendritic spike was significantly increased (Figure 3.12 D). These results
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confirm the hypothesis that the binding site of NMDA receptor co-agonists at supralinear
integrating dendrites is normally not saturated. Accordingly, calcium-dependent release of D-
serine by astrocytes could potentially modulate dendritic integration.
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Figure 3.12. The NMDA receptor co-agonist D-serine promotes supralinear dendritic integration. (A) Representative example
of the relationship between iontophoretic stimulation intensity and somatic EPSP amplitude for a nonlinear integrating dendrite
before (black) and after wash-in of saturating concentrations of the NMDA receptor co-agonist D-serine (10 pM, orange). The first
dendritic spike is marked by a color-coded dashed line and the corresponding somatic traces (scale bar: 2 mV, 20 ms) and their first
derivative (scale bar: 2 mV/ms, 5 ms) are displayed. (B) The stimulation intensity at threshold was significantly decreased after D-
serine application (0.40 + 0.04 pA vs. 0.34 + 0.04 pA, n = 15, p = 0.0001, paired t-test). (C) The amplitude of subthreshold EPSP (9.02
+1.37mVyvs. 10.52 £+ 1.57 mV, n = 15, p = 0.0010, paired t-test) and of the NMDAR component of dendritic spikes (13.77 + 1.73 mV
vs. 16.87 £ 2.05 mV, n = 15, p = 0.0002, paired t-test) showed a significantly increased. (D) The maximum slope of the first dendritic
spike was increased by D-serine (2.42 + 0.27 mV/ms vs. 2.95 + 0.34 mV/ms, n = 15, p = 0.0063, paired t-test).

In summary, these results show that NMDA receptors recruitment is essential for both linear and
supralinear dendritic integration. In supralinear integrating dendrites the GluN2B-containing
NMDA receptors contributed to most of the parameters studied. However, the maximum slope of
the fast, sodium-mediated component of the dendritic spikes was uninfluenced. This suggests
that specifically GluN2A-containing receptors modulate the recruitment of sodium influx.
Notably, NMDA receptor co-agonists could modulate only supralinear integration with dendritic
spike. Particularly surprising was that subthreshold EPSPs of supralinear integrating dendrites
were also increased in their amplitude, while subthreshold EPSPs in linear integrating ones were
not. This suggests that the co-agonist concentration at dendrites with and without dendritic
spikes is differentially regulated. Only the former was not saturated during the initial recording.
Accordingly, only supralinear dendritic integration can be controlled by the occupancy of the
NMDA receptor co-agonist binding site. This suggests that astrocytes could specifically modulate
this form of dendritic integration.
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3.4.3 TUFT PLATEAUS — SUPRALINEAR INTEGRATION IN APICAL TUFT DENDRITES

Not only apical oblique dendrites but also apical tuft dendrites integrate inputs in a supralinear
fashion. Dual stimulation of the Schaffer collaterals and the perforant path has been shown to
evoke calcium plateau potentials in the tuft dendrites (Takahashi and Magee, 2009). NMDA
receptors are essential of the induction of dendritic plateau potentials. Therefore, it was
investigated whether apical tuft plateau potentials can be dynamically modified by supply of
NMDA receptor co-agonists. CA1 PCs were whole-cell patched and filled with Alexa Fluor 594 and
Fluo-4 (Figure 3.13 A&B). A bipolar stimulation electrode was placed in the stratum radiatum
and a monopolar stimulation electrode in the stratum lacunosum moleculare. The Schaffer
collateral and perforant path fibers were stimulated with five trains of five 100 Hz stimuli with a
200 ms interval between trains (Figure 3.13 C). During this stimulation paradigm, line scanning
of the calcium-sensitive dye Fluo-4 and the calcium-insensitive dye Alexa Fluor 594 in a tuft
dendrite was performed (Figure 3.13 D). This was repeated in the presence of saturating
concentrations of D-serine and after application of the NMDA receptor blocker APV. The integral
of the fluorescent intensity ratio (Fluo-4/Alexa Fluor 594, background-subtracted) showed a
significant increase when the NMDA receptor co-agonist binding site was saturated with D-serine
(Figure 3.13 E). Expectedly, blockade of the NMDA receptor resulted in a significant decrease. The
probability of evoking a dendritic plateau was significantly increased by saturating
concentrations of D-serine (0.45 + 0.06 vs. 0.68 + 0.04,n =7, p = 0.005, paired t-test, not shown).
The highest probability of plateau initiation under control conditions was during the fifth train
(0.79 + 0.08, n = 7). The effect of the D-serine application on the shape of dendritic plateau
potentials was investigated in detail (Figure 3.13 F). All parameters, the area, peak amplitude and
full-width at half maximum amplitude (FWHM), showed a significant increase after bath
application of saturating concentrations of D-serine. Likewise, the somatically recorded potential
showed a significant increase in the area and FWHM after D-serine application (Figure 3.13 G). In
turn, NMDA blockade resulted in a significant decrease. These experiments indicate that dendritic
plateau potentials in the tuft dendrites can be dynamically regulated in their occurrence and
shape by NMDA receptor co-agonist supply.
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Figure 3.13. Calcium plateaus in the apical tuft dendrites can be modulated by co-agonist supply. (A) Representative CA1
pyramidal cell filled with Alexa Flour 594 (80 pM) and Fluo-4 (400 puM) via the whole-cell patch clamp pipette (scale bar: 50 um). (B)
Schematic of the recording configuration. A CA1 pyramidal cell was whole-cell patched, filled and stimulated with a bipolar
stimulation electrode via the Schaffer collaterals (SC) and with a monopolar stimulation electrode via the perforant path (PP). During
the stimulation, line scans of the fluorescence intensities in an apical tuft dendrite were performed. (C) Representative trace of
somatic voltage during the dual pathway stimulation with five trains of five stimuli at 100Hz with a 200ms inter-train interval. The
5th burst is enlarged and shown for the three different conditions examined: baseline, bath application of saturated D-serine (10uM)
and NMDA receptor blockade by APV (50 uM). (D) Representative trace of the fluorescence intensity ratio (Fluo-4/Alexa Flour 594,
background-subtracted) during the line scan recording. The arrow illustrates the 5th train of stimulation. (E) The total area of the
intensity ratio was normalized to the baseline condition and compared between treatments (n = 7, p = 0.00006, one-way repeated
measure ANOVA with Greenhouse-Geisser correction). After saturating the NMDA receptor co-agonist binding site, the area of the
intensity ratio increased significantly (1.47 £ 0.13,n=7, p = 0.0006, post-hoc Fisher’s LSD). The blockade of NMDA receptors resulted
in a significant reduction in the area compared to both conditions (0.24 + 0.03, n = 7, p < 0.001, post-hoc Fisher’s LSD). (F) If only the
5th stimulation train was examined, the intensity ratio showed a significant increase in area (1045 * 236 vs. 1597 £ 324,n=7,p =
0.0048, paired t-test), peak (6.72 + 1.44 vs.9.15 + 6.71,n = 7, p = 0.024, paired t-test) and full-width at half maximum (FWHM, 235.7
+ 35.06 ms vs. 308.70 + 35.50 ms, n = 7, p = 0.0029, paired t-test). (G) Likewise, the change in somatically-recorded membrane
potential during the 5th stimulation train resulted in significant differences in the relative area (n = 7, p = 0.00002, one-way repeated
measurement ANOVA) and FWHM (n = 7, p = 0.002, Friedman ANOVA) between the treatments. In saturated D-serine, both
parameters showed a significant increase (n = 7, area: p = 0.044, post-hoc Fisher’s LSD; FWHM: p = 0.016, post-hoc Wilcoxon signed-
rank test) and with NMDA receptor blockade a significant decrease (n = 7, area: p < 0.001, post-hoc Fisher’s LSD; FWHM: p =
0.031/0.016, Wilcoxon signed-rank test).
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3.5 CANNABINOID-SIGNALING PROMOTES SUPRALINEAR INTEGRATION

The results so far showed that exogenously applied, saturating concentrations of the NMDA
receptor co-agonist D-serine can positively modulate dendritic integration in apical oblique and
tuft dendrites. Although these results proof that the NMDA receptor co-agonist binding site is
normally not saturated, no conclusion can be drawn as to whether this modulation can be
recruited by astrocytes. Therefore, I investigated next, if endogenously, astrocytic-released
NMDA receptor co-agonists can influence the dendritic integration in apical oblique dendrites of
CA1 pyramidal cells. Calcium transients are required for the release of gliotransmitters by
astrocytes (Guerra-Gomes et al, 2018). Data from our lab and others have shown that the
activation of astrocytic cannabinoid 1 (CB1) receptor results in an increase of the intracellular
calcium concentration (Figure 1.8; Navarrete and Araque, 2008; Robin et al., 2018; Schénhense,
2015). Increases in astrocytic calcium concentration are known to be essential for the release of
the NMDA receptor co-agonist D-serine (Henneberger et al.,, 2010). Additionally, some studies
have also suggested the release of D-serine by astrocytes through the activation of CB1 receptors
(Andrade-Talavera et al,, 2016; Robin et al., 2018). Therefore, the activation of CB1 receptors was
used to investigate, if also endogenously released NMDA receptor co-agonists are also able to
control dendritic integration.

The effect of the CB1 receptor agonist WIN 55,212-2 on supralinear dendritic integration was
investigated as described before (Figure 3.14 A). Application of WIN 55,212-2 decreased the
threshold stimulus for dendritic spikes significantly (Figure 3.14 B). The amplitude of iEPSPs
(0.88 £ 0.08 mV vs.0.83 + 0.09 mV, n = 0.9, p = 0.54, paired t-test, not shown) was unchanged but
significantly increased for subthreshold EPSP (Figure 3.14 C, left panel) and the NMDA receptor
component of dendritic spikes (Figure 3.14 C, right panel). The maximum slope was significantly
enhanced by the treatment as well (Figure 3.14 D).

While these results suggest a modulation of the dendritic integration by the release of NMDA
receptor co-agonists, the possibility of CB1 receptors dependent release of glutamate should be
considered (Gémez-Gonzalo et al,, 2015; Han et al,, 2012; Navarrete and Araque, 2008, 2010). An
increase in the local glutamate concentration would likely also result in an increased recruitment
of NMDA receptors and could cause a similar result. To exclude that the observed effect is caused
by the release of other compounds, the experiment was repeated in the presence of saturating
concentrations of D-serine. Prior saturation of the NMDA receptor co-agonist binding site should
occlude all effects previously caused by NMDA receptor co-agonist release. However, if, for
example, glutamate is released by astrocytes, the positive modulation caused by the activation of
CB1 receptors should still be observed. WIN55,212-2 had no longer an effect on the integration
when applied in saturating concentrations of D-serine (Figure 3.14 B-D). Accordingly, the
observed effect on the dendritic integration is not caused by the release of other gliotransmitter.

Overall, these experiments strongly support my hypothesis that astrocytes can modulate
supralinear dendritic integration. Through the activation of CB1 receptors, calcium transients are
evoked that result in the release of NMDA receptor co-agonists. These NMDA receptors co-
agonists cause an increased recruitment of NMDA receptors during the simultaneous activation
of a cluster of spines. Hence, a positive modulation of supralinear dendritic integration is
observed. This means that dendritic spikes can be evoked with less glutamate (lower threshold
stimulus). Furthermore, the amplitude of the slow, NMDA receptor-mediated component of the
dendritic spike is increased. Since dendritic spikes have been shown to increase the AP firing in
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vivo (Palmer et al,, 2014; Smith et al., 2013), it is likely that astrocytic modulation of supralinear
dendritic integration will change the AP output of the CA1 microcircuit when recruited. This
immediately raises the question under which behavioral conditions astrocytic CB1 receptors are
activated and supralinear dendritic integration modulated.
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Figure 3.14. Activation of CB1 receptors promotes dendritic integration via NMDA receptor co-agonist. (A) Representative
example of the relationship between iontophoretic stimulation intensity and somatic EPSP amplitude for a nonlinear integrating
dendrite before (black) and after wash-in of the CB1 receptor agonist WIN 55,212-2 (1 uM, purple). The first dendritic spike is marked
by a color-coded dashed line and the corresponding somatic traces (scale bar: 2 mV, 20 ms) and their first derivative (scale bar: 1
mV/ms, 5 ms) are displayed. (B) The stimulation intensity at threshold was significantly decreased after application of the CB1
receptor agonist (0.42 + 0.03 pA vs. 0.33 + 0.06 pA, n =9, p = 0.012, paired t-test). If the CB1 receptor agonist WIN 55,212-2 was
applied in presence of saturating concentrations of D-serine (10 uM) this effect was occluded (orange: 0.35 + 0.04 pA vs. purple: 0.35
+0.04 pA, n = 6, p = 0.87, paired t-test). (C) The amplitude of subthreshold EPSP showed a significantly increase with application of
the CB1 receptor agonist but not when the NMDA receptor co-agonist site was saturated (control: 9.10 + 1.78 mV vs. 11.50 + 2.32 mV,
n =9, p =0.040, paired t-test; D-serine: 9.00 + 2.03 mV vs. 8.75 + 1.82 mV, n = 6, p = 0.52, paired t-test). The same effect was observed
for the NMDA receptor component of dendritic spikes (control: 12.59 # 1.65 mV vs. 15.04 + 2.18 mV, n =9, p = 0.034, paired t-test; D-
serine: 12.69 + 1.77 mV vs. 12.52 + 1.73 mV, n = 6, p = 0.64, paired t-test). (D) The maximum slope of the first dendritic spike was
increased by WIN 55,212-1 application under control condition (1.61 + 0.21 mV/ms vs. 1.95 + 0.28 mV/ms, n =9, p = 0.018, paired t-
test) but unchanged in D-serine (1.42 + 0.08 mV/ms vs. 1.40 + 0.08 mV/ms, n = 6, p = 0.18, paired t-test).
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3.6 CA1 NETWORK ACTIVITY MODULATES DENDRITIC INTEGRATION

To unravel the behavior that results in the mobilization of endocannabinoids, recruits astrocytic
calcium transients and subsequently modulates dendritic integration, I first explored behavioral
relevant stimuli in situ. Endogenous cannabinoids are typically produced and mobilized during
depolarization and/or AP firing of neurons (Ohno-Shosaku et al., 2001). Since their lipophilic
structure limits their action range to only a few micrometers (Chevaleyre and Castillo, 2003),
mobilization of endocannabinoids needs to occur within the astrocytic territory. Accordingly,
depolarization would be required not only at the soma but also in the dendrites located in the
stratum radiatum. Therefore, several stimulation paradigms were investigated for their potential
role in modulating dendritic integration.

3.6.1 DEPOLARIZATION OF A SINGLE NEURON DOES NOT REGULATE DENDRITIC INTEGRATION

Astrocytic and neuronal CB1 receptors have been shown to be recruited during the
depolarization of a single neuron (Lenz and Alger, 1999; Navarrete and Araque, 2008; Ohno-
Shosaku et al.,, 2001). However, is this sufficient to recruit NMDA receptor co-agonist release from
astrocytes in the stratum radiatum and to subsequently affect dendritic integration? To address
this question, subthreshold EPSPs and dendritic spikes were evoked iontophoretically before and
after a whole-cell patched CA1 PC was depolarized by a current injection to fire APs (Figure 3.15
A). The amplitude of subthreshold EPSP (Figure 3.15 B, left panel) and the maximum slope of the
dendritic spikes (Figure 3.15 C) remained uninfluenced by the neuronal depolarization.
Surprisingly, the amplitude of the dendritic spike’s NMDA receptor component showed a
significant decrease (Figure 3.15 B, right panel). One possible explanation for this effect is that
the prolonged depolarization and bAPs could have caused the recruitment of small conductance
calcium-activated potassium channels (SK channels; Jones and Stuart, 2013). Owing to their
functional coupling to NMDA receptors, the activation of these channels is known to reduce the
NMDA receptor-mediated current (Ngo-Anh et al., 2005). Nonetheless, it can be concluded that
the depolarization of a single neuron is not capable to enhance its supralinear dendritic
integration.
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Figure 3.15. Depolarization of a single cell is insufficient to strengthen dendritic integration. (A) The influence of depolarizing
asingle neuron on dendritic integration was investigated by iontophoretic application of glutamate before (black) and after the whole-
cell patched neuron was depolarized for two seconds with a somatic current injection to evoke action potential firing (purple). (B)
While the amplitude of subthreshold EPSPs remained uninfluenced by the depolarization (9.05 + 2.14 mV vs 8.97 + 2.38 mV,n=6, p
= 0.87, paired t-test), the NMDA receptor component of the dendritic spike was significantly decreased after depolarization (13.89 *
2.16 mV vs. 12.06 * 2.05 mV, n = 6, p = 0.022, paired t-test). (C) The maximum slope of the dendritic spike showed no significant
difference (2.73 £ 0.55 mV/ms vs. 2.20 £ 0.56 mV/ms, n = 6, p = 0.16, paired t-test). lonto, iontophoretic application of glutamate.
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3.6.2 RETROGRADE ACTIVATION OF PYRAMIDAL CELLS TO MOBILIZE ENDOCANNABINOIDS

Since the depolarization of a single neuron was not able to modulate supralinear dendritic
integration, the potential impact of AP firing of an ensemble of CA1 PCs was investigated. It is
known that the mobilization of endocannabinoids is depending on the number and frequency of
APs (Dubruc et al.,, 2013; Fortin et al., 2004). To test the role of different behavioral relevant
neuronal activity, | wanted to activate CA1 PCs at frequencies commonly observed in regular
firing patterns. During distinct tasks and behaviors, oscillations in the delta, beta, theta and low-
gamma frequency band can be observed in the hippocampus (Berke et al.,, 2008; Senior et al,,
2008; Winson, 1974; Wolansky et al., 2006). By stimulating CA1 PCs for one second with these
frequencies, the potency of different AP number and frequency in modulating supralinear
dendritic integration was studied.

Recruitment of neuronal ensembles can be achieved through either through orthodromic or
antidromic stimulation. To avoid confounding effects caused by synaptic recruitment, antidromic
stimulation of the CA1 PC axons was used. The axons of CA1l PCs are bundled in the alveus. To
activate a population of CA1 PCs a bipolar stimulation electrode was placed in the alveus at the
border of CA1 and the subiculum (Figure 3.16 A&B). At this border, a small incision in the stratum
oriens was made to avoid unintended recruitment of other fibers that could result in synaptic
activation of CA1 PCs. To analyze the recruitment, a field electrode was placed at the boarder of
stratum pyramidale and oriens of CA1 to monitor the evoked population spikes. The shape of the
population spike alone already suggested an axonal origin since it lacked the typical EPSP-
mediated early rise (Figure 3.16 C). Quantitative analysis was performed by recording the
amplitude of the population spikes under baseline conditions and after bath application of the
AMPA receptor blocker NBQX (Figure 3.16 D). Comparing the amplitudes did not show any
difference (Figure 3.16 E). Since the blockade of synaptic transmission by NBQX did not influence
the amplitude and shape of the population spike, it was concluded that the stimulation paradigm
resulted in antidromic recruitment of CA1 PC firing.

To be able to estimate the size of the CA1 PC ensemble that was recruited with antidromic
stimulation, the number of recruited CA1 PCs was determined experimentally. Therefore, mice
that express the calcium-sensitive protein GCaMP5g and the calcium-insensitive protein
tdTomato selectively in CA1 PCs were used (Figure 3.16 F). The expression was achieved through
stereotactic-injecting of transgenic PC-G5-tdT mice with a recombinant adeno-associated
CaMKII-cre virus. To estimate the number of recruited neurons during antidromic stimulation,
two-photon excitation microscopy of the soma of at least 16 PCs per slice was performed in the
line scanning mode (Figure 3.16 G). The amplitude of the baseline-normalized intensity ratio
(GCaMP5g/tdTomato, background-subtracted) was used to categorize the cells into responding
and nonresponding cells. Therefore, an arbitrary threshold was defined well above the noise
level. Consequently, cells with an increase in the intensity ratio during the stimulation of more
than 25 % were considered to be responding cells. The result showed that on average almost half
of the CA1 PCs in a slice were recruited by alveus stimulation (Figure 3.16 H).
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Figure 3.16. Alveus stimulation recruits a subset of CA1 pyramidal cells axonally. (A) Schematic of the recording configuration.
To recruit CA1 pyramidal cell firing antidromically, a bipolar stimulation electrode was placed in the alveus above the subiculum.
Retrograde recruitment of Schaffer collateral fibers in stratum oriens was prevented by an incision at the boarder of CA1 and the
subiculum sparing the fibers in the alveus. The field potential was recorded with a pipette at the boarder of stratum oriens and stratum
pyramidale. (B) Image of the electrode position and incision (arrows) in an acute hippocampal slice (scale bar: 100 pm). (C) Example
trace of the population spike at baseline (dark gray) and after NBQX wash-in (10 pM, turquois, scale bar: 0.1 mV x 1 ms). (D) Time
course of the relative population spike amplitude during baseline and NBQX bath application. (E) Comparing the population spike
amplitude during baseline with the last five minutes of NBQX application did not show a significant difference (-1.12 + 0.18 mV vs. -
1.16 £ 0.21 mV, n = 6, p = 0.48, paired t-test). (F) Maximum projection of a confocal image stack, illustrating the expression profile of
tdTomato (red) in the CA1 stratum pyramidale of PC-G5-tdT mouse after injection of a CaMKII-cre adeno-associated virus. Astrocytes
were labeled through antibody staining of GFAP (green, scale bar: 50 pm). (G) Two-photon excitation image showing CA1 pyramidal
cells expressing tdTomato (scale bar: 20 pm). Line scans through several somata were performed during stimulation of the alveus.
Representative filtered traces of the ratio of GCaMP5g/tdTomato (background-subtracted, normalized to baseline) are illustrated for
a nonresponding (arrowhead, gray trace) and a responding neuron (arrow, turquois trace). Cells were considered responders if the
ratio increased more than 25 % over baseline (dashed line). (H) On average 41.36 + 4.44 % of the cells in an acute brain slice (n = 16)
responded to the alveus stimulation.

(Figure legend continued on next page)
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(L, J) Schematic of the recording configuration and sample traces: First panel shows the configuration during field recording of the
population spike (gray trace). The second panel shows an extracellular single unit recording, where the glass pipette is in close
proximity to a pyramidal cell, allowing the detection of single unit spiking (turquoise, scale bar: 2 ms x 2 mV). (K) Cells that were able
to follow a one second long 10 Hz stimulation reliably, were likewise able to follow stimulation at 4 or 40 Hz (n = 16, p = 0.23, One-
Way Repeated-Measures ANOVA). A, alveus; SO, stratum oriens; SP, stratum pyramidale; SR, stratum radiatum; stim., stimulation
electrode.

Next, the ability of CA1 PC axons to follow antidromic stimulation at different frequencies was
tested. Extracellular single unit recordings allowed me to monitor single cell spiking, without the
need to perform whole-cell patch clamp recordings. During field recordings of population spikes,
the recording pipette was placed in the stratum pyramidale. The recorded population spikes
represent the synchronized firing activity of the population (Figure 3.16 I, left panel & ], gray
trace). For the measurement of extracellular single units, the recording pipette was placed in
close proximity to a single CA1 PC (Figure 3.16 I, right panel). In this case, the recorded signal
showed the response of the single neuron on top of the population spike (Figure 3.16 ], turquoise
trace). The reliability of a neuron to follow stimulation at 4, 10 and 40 Hz was estimated. The
results showed that in CA1 PCs, in which AP firing was reliably evoked with a 10 Hz stimulus,
stimulation with 4 and 40 Hz also elicited consistent APs (Figure 3.16 K).

These experiments showed that the stimulation of the alveus with distinct frequencies
consistently recruits approximately half of the CA1 PCs antidromically. Importantly, experiments
performed and analyzed by Eva M. Schéonhense in our lab showed that stimulation of the alveus
is able to recruit calcium transients in astrocytes. For these experiments, time-lapse frame
scanning of whole-cell patch clamped stratum radiatum astrocytes filled with the calcium-
sensitive indicator Fluo-4 and the calcium-insensitive indicator Alexa Fluor 594 was performed
(Figure 3.17 A). The relative change in the fluorescence ratio (Fluo-4/Alexa Fluor 594,
background corrected) in response to antidromic stimulation of CA1 PCs was calculated for
several subdomains of the astrocyte. Nearly 70 % of the astrocytes recorded responded with an
increase in the fluorescence ratio during alveus stimulation (Figure 3.17 B, left panel). This effect
was mediated by CB1 receptors, since the relative change in the fluorescence ratio was
significantly decreased by the CB1 receptor inverse agonist AM251 (Figure 3.17 B, right panel).
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Figure 3.17. Alveus stimulation promotes astrocytic Ca2* transients via CB1 receptors. (A) Example of an astrocyte filled with
Alexa Fluor 594 (40 uM) and Fluo-4 (400 pM) through a whole-cell patch pipette (scale bar: 20 um). The Fluo-4 intensity of the
highlighted area (left) is displayed as an average over 20 frames during baseline, alveus stimulation and alveus stimulation in presence
of the inverse CB1 receptor agonist AM251 (5 puM, right). (B) During alveus stimulation, 69% of the astrocytes showed an increase of
at least 5% in the area of the fluorescence ratio relative to baseline. Comparing the change in fluorescence ratio of those astrocytes
during alveus stimulation and alveus stimulation in AM251 revealed a significant difference (1.31 # 0.07 vs 1.05 + 0.03,n =9, p =
0.016, paired t-test). Figure adapted from the Master Thesis of E.M. Schénhense (2015) with permission.
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3.6.3 FREQUENCY-DEPENDENT MODULATION OF SUPRALINEAR DENDRITIC INTEGRATION BY
PYRAMIDAL CELL ACTIVITY

Overall, these results show that the stimulation of the alveus stimulation consistently recruits AP
firing of CA1l pyramidal cells and, more importantly, causes the mobilization of
endocannabinoids. These endocannabinoids in turn promote calcium transients in astrocytes.
Activation of CB1 receptors by agonist application can positively modulate dendritic integration.
Thus, antidromic stimulation of CA1 PCs should modulate dendritic integration. This hypothesis
was investigated next (Figure 3.18 A-C). A bipolar stimulation electrode was placed in the alveus,
as previously described. Then a CA1 PC was whole-cell patch clamped, filled with Alexa Fluor 594
and the microiontophoresis pipette placed to stimulate an apical oblique dendrite. After
recording the supralinear dendritic integration, CA1 PC firing was recruited by electrical
stimulation of the alveus for one second, before stimulating the dendrite again iontophoretically.
This was repeated for various increasing iontophoretic stimulation intensities (Figure 3.18 A,
bottom panel & D). To mimic behavioral relevant activity patterns, alveus stimulation was
performed at frequencies corresponding to delta (4 Hz), theta (10 Hz), beta (20 Hz) and low-
gamma (40 Hz) oscillations. Strikingly, the threshold stimulus was only influenced by antidromic
stimulation at 10 and 20 Hz but not at 4 and 40 Hz (Figure 3.18 E). In line with this, the amplitude
of the subthreshold EPSP (Figure 3.18 F) and the dendritic spike NMDA receptor component
showed a selective increase only for 10 and 20 Hz (Figure 3.18 G). Furthermore, the slope of the
sodium channel component responded in the same pattern (Figure 3.18 H). The amplification of
supralinear dendritic integration was most prominent for activity in the theta frequency range,
since only the stimulation with a frequency of 10 Hz resulted in a significant difference compared
to the other frequencies (Figure 3.18 E&G, right panel). Additionally, the duration of the
potentiation of the dendritic integration was investigated. Alveus stimulation only transiently
influences dendritic integration, since five minutes after the last retrograde activation of CA1 PCs,
all parameters were comparable to the initial values (Table 2 A).

To determine if this modulation requires endocannabinoid signaling, the retrograde activation of
CA1 PCs was repeated in the presence of the inverse CB1 receptor agonist AM251. When the
endocannabinoids mobilized with alveus stimulation are unable to activate CB1 receptors, the
threshold stimulus, the subthreshold EPSP’s as well as dendritic spike NMDA receptor component
amplitude and maximum slope of the dendritic spike were unchanged (Table 2 B). Likewise, it
was investigated whether NMDA receptor co-agonists modulate the observed effects. Therefore,
the experiment was performed in saturating concentrations of the NMDA receptor co-agonist D-
serine. This maximizes the recruitment of NMDA receptors in such, that the release of additional
NMDA receptor co-agonists is unable to influence the dendritic integration. Under these
conditions all earlier observed effects were occluded (Table 2 C). While this result excludes a role
of astrocytic-released glutamate, the question about the co-agonist identity remains unanswered.
Both, glycine and D-serine, can regulate NMDA receptor recruitment via the same co-agonist
binding site and are endogenously present in the brain. To determine the identity of the released
NMDA receptor co-agonist, hippocampal brain slices were pretreated with and kept in the
presence of the D-serine degrading enzyme D-amino acid oxidase (DAAO). This should cause a
reduction in extracellular D-serine and a rapid degradation of newly released D-serine. When
examining the effect of alveus stimulation on the dendritic integration under these conditions, no
significant difference could be observed (Table 2D).
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Figure 3.18. Pyramidal cell activity promotes supralinear dendritic integration in a frequency-dependent manner. (A)
Schematic of the recording configuration and protocol. Incisions were made to separate CA3 recurred fibers and Schaeffer collateral
fibers at the boarder of CA1 and the subiculum. A bipolar stimulation electrode is placed in the alveus above the subiculum. A CA1
pyramidal cell was filled with Alexa Fluor 594 (40 uM) via the whole-cell patch pipette and the microiontophoresis pipette filled with
glutamic acid (150 mM) and Alexa Fluor 594 (50 pM) placed near a spine on an apical oblique dendrite. The lower inset depicts the
protocol. Stimulation of the alveus for one second at 4, 10, 20 or 40 Hz was followed by iontophoretic stimulation after a refractory
period of five seconds. (B) Representative image illustrating the incision (dashed line) and stimulation electrode with an overlay of
the Alexa Fluor 594-filled CA1 pyramidal cell (scale bar: 100 pm). (C) Enlargement of the whole-cell patched CA1 pyramidal cell (scale
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(Figure legend continued on next page)
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(D) Representative example of the relationship between iontophoretic stimulation intensity and somatic EPSP amplitude for a
nonlinear integrating dendrite before (black), after 10 Hz (turquoise) and 40 Hz alveus stimulation (blue). The first dendritic spike is
marked by a color-coded dashed line with the corresponding somatic traces (scale bar: 2 mV, 20 ms) and first derivatives (scale bar:
1 mV/ms, 10 ms) on the right panel. (E) The threshold stimulus was significantly increased after 10 Hz (0.33 + 0.03 pA vs. 0.26 + 0.03
UA, n=8,p =0.00007, post-hoc Fisher’s LSD,) and 20 Hz stimulation (0.44 IQR 0.33-0.44 pA vs. 0.34IQR 0.27-0.42 pA,n=9,p = 0.034,
post-hoc Wilcoxon signed-rank test). 4 and 40 Hz had no effect (4 Hz: 0.55 + 0.03 pA vs. 0.55 + 0.04 pA, n = 5, p = 1, paired t-test; 40
Hz:0.33+0.03 pAvs. 0.32 +0.04 uA, n =8, p=0.31, post-hoc Fisher’s LSD). The observed change during 10 Hz was significantly bigger
than observed with 4, 20 and 40 Hz stimulation (one-way ANOVA with post-hoc Fisher’s LSD). (F) The amplitude of subthreshold
EPSPs were significantly increased after 10 Hz (6.18 + 1.77 mV vs. 7.66 + 1.79 mV, n = 8, p = 0.0006, post-hoc Fisher’s LSD) and 20 Hz
stimulation (3.00 IQR 2.59-6.66 mV vs. 4.77 IQR 3.02-7.94 mV, n =9, p = 0.008, post-hoc Wilcoxon signed-rank test) but not 4 and 40
Hz (4 Hz: 8.71 + 1.11 mV vs. 8.57 + 1.39 mV, n = 5, p = 0.72, paired t-test; 40 Hz: 6.18 + 1.77 mV vs. 593 + 1.61 mV, n = 8, p = 0.48,
post-hoc Fisher’s LSD). Comparing between the different stimulation frequencies showed a significantly bigger change in
subthreshold amplitude for 10 and 20 Hz compared to 4 and 40 Hz (one-way ANOVA with post-hoc Fisher’s LSD). (G) The NMDA
receptor component of dendritic spikes was significantly increased only after 10 Hz (13.70 + 2.47 mV vs. 15.75 £ 2.29 mV,n=8,p <
0.0001, post-hoc Fisher’s LSD) and 20 Hz stimulation (9.75 + 1.37 mV vs. 11.08 £ 1.81 mV, n =9, p = 0.022, post-hoc Fisher’s LSD) but
not 4 and 40 Hz (4 Hz: 17.97 + 298 mV vs. 18.61 + 2.94 mV,n = 5, p = 0.23, paired t-test; 40 Hz: 13.70 + 2.47 mV vs. 14.00 £ 2.39 mV,
n =8, p = 0.41, post-hoc Fisher’s LSD). Comparing between the different stimulation frequencies showed a significantly bigger change
in the NMDA receptor component of dendritic spikes evoked after 10 Hz alveus stimulation (Kruskal-Wallis ANOVA with post-hoc
Mann-Whitney test). (H) The maximum slope of the dendritic spike was only increased by retrograde activation of CA1 pyramidal
cells at 10 Hz (1.72 + 0.13 mV/ms vs. 2.02 # 0.18 mV/ms, n = 8, p = 0.0004, post-hoc Fisher’s LSD) and 20 Hz (1.59 IQR 1.10-1.95
mV/ms vs. 1.90 IQR 1.47-2.38 mV/ms, n = 9, p = 0.004, post-hoc Wilcoxon signed-rank test) and not with activation at 4 or 40 Hz (4
Hz:2.14IQR 1.68-11.14 mV/ms vs. 2.13 IQR 1.68-11.16 mV/ms, n = 5, p = 1, Wilcoxon signed-rank test; 40 Hz: 1.72 + 0.13 mV/ms vs.
1.72 + 0.13 mV/ms, n = 8, p = 0.99, post-hoc Fisher’s LSD). The change between baseline and the different alveus stimulation
frequencies showed a significant effect of 10 and 20 Hz over 4 and 40 Hz (one-way ANOVA with post-hoc Fisher’s LSD). Note: Data for
10 Hz and 40 Hz stimulation were collected from one cell. The three conditions (baseline, 10 Hz, 40 Hz) were recorded in alternating
order. Data for 20 Hz stimulation were collected with a third measurement after a refractory period of five minutes (see Table 2). In all
cases, post-hoc testing was only performed if the appropriate ANOVA reported significant overall differences. # p < 0.10, *p < 0.05, **p <
0.01, **p < 0.001

The results shown indicate an interesting, previously unknown feedback loop that connects
pyramidal cell firing with astrocyte calcium transients and supralinear dendritic integration. AP
firing of CA1l pyramidal cells results in the mobilization of endocannabinoids. These
endocannabinoids activate astrocytic CB1 receptors and thereby increase the intracellular
calcium. This increase in calcium recruits the release of the NMDA receptor co-agonist D-serine.
Locally at the dendrite the released D-serine maximized the recruitment of NMDA receptors
during supralinear dendritic integration. Among others, this resulted in a decrease of the
threshold stimulus and an increase of the slow, NMDA receptor component of dendritic spikes.
Notably, the depolarization of a single neuron was not sufficient to activate this positive feedback
loop but rather the recruitment of an ensemble of CA1 PCs was required. Unexpectedly, I
observed a tuning of the positive modulation of dendritic integration to AP firing in the theta
frequency range. This immediately raises the question, why higher frequencies do not recruit the
described feedback loop.
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Table 2. Pyramidal cell activity transiently promotes supralinear dendritic integration via CB1 receptor and the NMDA

receptor co-agonist D-serine.

parameter

baseline

mean + SEM v
median IQR

treatment

mean + SEM v
median IQR

n

test

A: baseline vs. five mi

threshold stim. (pA)
iEPSP (mV)
subthreshold EPSP (mV)
NMDAR component (mV)

max. slope (mV/ms)

0.44 IQR 0.33-0.44
0.83 IQR 0.42-1.17
3.00 IQR 2.59-6.66
9.75+1.37
1.59 IQR 1.10-1.95

lveus stimulatio
0.39 IQR 0.34-0.48
0.36 IQR 0.21-0.65
2.82 1QR 2.46-6.53
9.41 + 1.56
1.711QR 1.19-2.10

O O O O O

0.21
0.13
0.50
0.52
0.09

post-hoc Wilcoxon S-R test
post-hoc Wilcoxon S-R test
post-hoc Wilcoxon S-R test

post-hoc Fisher’s LSD

post-hoc Wilcoxon S-R test

B: baseline vs. 20 Hz alveus stimulation in AM-251
threshold stim. (pA) 0.36 £ 0.06 0.35+0.05 7| 0.54 paired t-test
iEPSP (mV) 0.58+£0.12 0.60 £ 0.10 7| 0.62 paired t-test
subthreshold EPSP (mV) 6.75+1.06 6.56 +1.03 7| 0.33 paired t-test
NMDAR component (mV) 14.53+2.21 14.61 +2.27 7| 0.85 paired t-test
max. slope (mV/ms) 3.45+0.72 3.29£0.70 7] 0.12 paired t-test
C: baseline vs. 20 Hz alveus stimulation in D-serine
threshold stim. (pA) 0.44 + 0.05 0.45 + 0.05 6| 0.36 paired t-test
iEPSP (mV) 1.27 +0.28 1.66 + 0.26 6| 0.09 paired t-test
subthreshold EPSP (mV) 11.93+£2.73 12.38 £2.73 6| 0.11 paired t-test
NMDAR component (mV) 20.34 £ 2.54 20.05 + 2.46 6| 0.61 paired t-test
max. slope (mV/ms) 2.141QR 1.76-3.13 2.291QR1.52-3.14 | 6] 0.63 Wilcoxon S-R test
D: baseline vs. 10 Hz alveus stimulation in DAAO
threshold stim. (pA) 0.36 £ 0.06 0.37 £ 0.07 8| 0.73 paired t-test
iEPSP (mV) 1.24 £ 0.15 1.27 £0.18 8| 0.66 paired t-test
subthreshold EPSP (mV) 7.29 £ 1.07 7.30 £ 0.98 8| 0.99 paired t-test
NMDAR component (mV) 19.58 +3.21 18.60 = 2.46 8| 0.27 paired t-test
max. slope (mV/ms) 1.98 IQR 1.60-2.14 1.841QR 1.83-2.37 | 8| 0.84 Wilcoxon S-R test

Note: Data in A were collected as part of the experiment in which the effect of 20 Hz alveus stimulation was investigated (see Figure 3.15).
Post-hoc testing was only performed if the one-way repeated measurement ANOVA or Friedman ANOVA reported significant overall

differences. IQR, interquartile range; NMDAR, NMDA receptor; stim, stimulation; Wilcoxon S-R test, Wilcoxon signed-rank test
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3.7 ORIGIN OF FREQUENCY DEPENDENT MODULATION OF INTEGRATION

Endocannabinoid-dependent depolarization-induced suppression of inhibition (DSI) is more
prominent and long-lasting with an increasing number of APs and higher AP frequency (Dubruc
etal, 2013; Fortin et al,, 2004). Especially, frequencies of more than 20 Hz and more than ten APs
have been shown to maximize DSI. In contrast, my results showed that a stimulation frequency
of 40 Hz for one second (40 APs) does not influence supralinear dendritic integration via the
endocannabinoid-depending signaling cascade. The cause of these circumstances remains to be
investigated. DSI is mediated by signaling from the postsynaptic to the presynaptic neuron while
the described feedback loop requires activation of astrocytic calcium signaling. It is important to
note that endocannabinoids are lipophilic compounds (Di Marzo et al., 1998; Piomelli et al., 2000)
with a rather limited action range of approximate 10 pm (Chevaleyre and Castillo, 2003). Thus, it
could be possible that distinct frequencies result in the mobilization of endocannabinoids at
distinct locations. This would mean that astrocytes are not activated by alveus stimulation at a
frequency of 40 Hz.

To test this hypothesis, it was investigated whether the calcium response in astrocytes differs
between 10 and 40 Hz stimulation of the alveus. Astrocytic calcium imaging was performed in
mice expressing the calcium-sensitive indicator GCaMP5g and the calcium-insensitive indicator
tdTomato selectively in astrocytes (Figure 3.19 A; GLAST-cre ERT2 x PC-G5-tdT mice, tamoxifen
injected). Viability of astrocytes was ensured through a low baseline fluorescence of GCaMP5g,
which corresponds to alow intracellular calcium concentration, and the presence of spontaneous
transients. After a baseline recording of three minute, CA1 axons were stimulated repetitively
with either 10 Hz or 40 Hz for one second with an inter-stimulus interval of ten seconds. The
frequency of astrocytic calcium transients was analyzed as an indicator for astrocytic
recruitment. The baseline calcium transient frequency did not differ between the two treatment
groups (Figure 3.19 B). Interestingly, 10 Hz stimulation resulted on average in a significant
increase in the calcium transient frequency, while no change was observed during 40 Hz
stimulation (Figure 3.19 C). Additionally, the proportion of astrocytes showing an increase in
calcium transients during 10 Hz stimulation was significantly higher compared to 40 Hz
stimulation. Thus, it was twice as likely that an astrocyte responded with an increase in its
calcium transient frequency during 10 Hz stimulation compared to 40 Hz. But, expectedly, the
calcium transient frequency showed a large variation between cells. Since my results (Figure 3.2)
showed that the relative change in the integral might be used as an alternative indicator of
changes in astrocyte calcium frequency, it was used as an additional parameter in these
experiments. Since shifts in the recording plane could influence the integral of the fluorescence
ratio (GCaMP5g/tdTomato, background corrected), it was determined during a subset of frames
(> 250 frames and 1.3 minutes). Comparing the integral between baseline and stimulation
revealed a significant increase during 10 Hz stimulation of the alveus. This effect was not
observed during 40 Hz stimulation. The relative change in the integral was significantly larger
increased during 10 Hz stimulation of the alveus compared to 40 Hz. Astrocytes that showed an
increase of more than 5 % in their integral were classified as responders, similar as in the
experiments performed by Eva M. Schonhense (Figure 3.17). Again, the number of astrocytes
responding was significantly lager with 10 Hz than with 40 Hz stimulation (Figure 3.19 D).
Notably, it was ten times more likely that an astrocyte responded with an increase in the integral
after 10 Hz stimulation than after a 40 Hz.
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These results support the hypothesis that astrocytes are not activated by alveus stimulation at a
frequency of 40 Hz. In contrasts, DIS does take place at this frequency. However, it is mainly
observed in the perisomatic region (Lee et al., 2010). Endocannabinoids are lipophilic and cannot
diffuse over long distances (Di Marzo et al., 1998). This implies that for DSI the depolarization
and/or calcium influx evoked would only be required to mobilize endocannabinoids close to the
soma. Astrocytic calcium transients, though, require depolarization and/or calcium influx locally
in the dendrites. Hence, the depolarization induced by retrograde activation of CA1 PCs needs to
backpropagate into the dendritic tree to be able to mobilize endocannabinoids locally. It is known,
that dendrites are more likely to respond to inputs at distinct frequencies. In CA1 pyramidal cells
this resonance frequency lies within the theta frequency range (Hu et al, 2009).
Hyperpolarization-activated cyclic nucleotide-gated (HCN) channels are crucial in determining
the resonance frequency (Buzsaki and Draguhn, 2004; Hutcheon et al., 1996).
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Figure 3.19. Astrocytic Ca?* transients are evoked by pyramidal cell activity at 10 Hz but not 40 Hz. (A) Representative
astrocyte of PC-G5-tdT x GLAST-cre ERT2 mouse showing the tdTomato expression (scale bar: 20 pm). For the analysis of the Ca2*-
transient frequency regions of interest were defined around visually identified Ca?* transients. Sample traces show the ratio of
GCaMP5g and tdTomato (background-subtracted) over time (scale bar: 50 s). For the analysis of the integral of the fluorescence ratio
a region of interest around the astrocyte was drawn. The soma was excluded. (B) At baseline, no significant difference between the
calcium event frequency during 10 Hz and 40 Hz alveus stimulation could be detected (1.07 IQR 0.71-2.13 vs. 1.78 IQR 0.89- 4.09,n =
19/17,p = 0.102, Mann-Whitney U-test). (C) The change in calcium frequency showed a significant increase during 10 Hz stimulation
(1.5IQR1-2,n =19, p=0.011, one-population Wilcoxon signed-rank test) but not 40 Hz stimulation of the alveus (0.78 IQR 0.5-1.42,
n =18, p = 0.72, one-population Wilcoxon signed-rank test). The change was larger during 10 Hz stimulation compared to 40 Hz (p =
0.055, Mann-Whitney test). The percentage of astrocytes showing an increase in frequency was significantly higher with 10 Hz
stimulation than with 40 Hz (Fisher’s exact test, p = 0.042). (D) The integral of the fluorescence ratio showed a significantly larger
change when the alveus was stimulated with 10 Hz compared to 40 Hz (1.07 IQR 1.04-1.09 vs. 1.03 IQR 1.01-1.04, n = 26/25, p <
0.0001, Mann-Whitney test). The percentage of astrocytes showing an increase of more than 5 % was significantly larger with 10 Hz
stimulation than with 40 Hz (Fisher’s exact test, p < 0.0001).
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Owing to the relevance of HCN channels in establishing the resonance frequency, I wondered
whether blockade of these channels by the antagonist ZD7288 would affect the modulation of
supralinear dendritic integration during 10 Hz stimulation of the alveus (Figure 3.20 A). After
establishing the whole-cell configuration and placing the microiontophoresis pipette, ZD7288
was bath applied while monitoring the resting membrane potential of the patched cell. Since HCN
channels are typically open at potentials below -50 mV, they are important in setting the resting
membrane potential (Pape, 1996). Hence, their block resulted in a decrease of the resting
membrane potential by 4.99 * 1.06 mV (n = 18). To ensure normal activation of voltage-
dependent channels during the integration and initiation of dendritic spikes, a constant positive
current was applied to set the resting membrane potential to -70 mV. Next, the dendritic
integration was investigated at baseline and during 10 Hz alveus stimulation. Strikingly, no
difference was detected for any parameter investigated (Figure 3.20 B-E). To ensure that the
absence of an effect was not caused by a compensatory or a ceiling effect caused by the blockade
of HCN channels themselves, a positive control was performed. Therefore, the release of
endocannabinoids was circumvented by bath application of the agonist WIN55-212-2 in the
presence of the HCN channel blocker ZD7288. This recovered the effects observed previously by
10 Hz alveus stimulation under control condition for all four parameters (Figure 3.20 B-E). This
means that the dendritic integration and dendritic spike initiation is not yet maximized while
HCN channels blockade and, thus, a positive modulation by endocannabinoid-dependent release
of D-serine from astrocytes should be possible. However, 10 Hz stimulation could not evoke a
similar effect on the integration during the blockade of HCN channels. This suggests that HCN
channels impact the spread of the depolarization and/or calcium during the backpropagation of
APs in the theta frequency band into the dendrites and hence, controls the local mobilization of
endocannabinoids.
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Figure 3.20. HCN channels are a key mediator in the frequency-dependent modulation of nonlinear dendritic integration.
(A) Representative example of the relationship between iontophoretic stimulation intensity and somatic EPSP amplitude for a
nonlinear integrating dendrite in the HCN channel blocker ZD7288 (10 pM) during baseline (black) and after 10 Hz alveus stimulation
(turquoise). The first dendritic spike is marked by a color-coded dashed line with the corresponding somatic traces (scale bar: 2 mV,
20 ms) and first derivatives (scale bar: 1 mV/ms, 10 ms) on the right panel. (B) The threshold stimulus intensity for the first dendritic
spike was not different with 10 Hz stimulation of the alveus in ZD7288 (0.47 + 0.05 pA vs. 0.49 + 0.06 pA, n = 8, p = 0.33, paired t-test),
but application of the CB1 receptor agonist WIN55-212,2 (1 uM) in the presence of ZD7288 resulted in a significant decrease (0.48 *
0.05 pA vs. 0.38 + 0.04 pA, n = 10, p = 0.025, paired t-test). Comparing the relative changes of the stimulation intensity to the change
observed under control conditions with 10 Hz stimulation (see Figure 3.18), revealed a significant difference between control and
7ZD7288 treated slices and compared to WIN55-212,2 application (Kruskal-Wallis ANOVA with post-hoc Mann-Whitney test). (C) The
subthreshold EPSP amplitude was unchanged after alveus stimulation in ZD7288 (6.23 + 1.89 mV vs. 5.74 £ 1.65 mV,n=8,p = 0.12,
paired t-test). Bath-application of WIN55-212,2 significantly enhanced the subthreshold EPSP amplitude in ZD7288 (4.57 IQR 3.94-
10.30 mV vs. 6.14 IQR 5.33-11.38 mV, n = 10, p = 0.037, Wilcoxon signed-rank test). Comparing the relative changes of these
experiments to the control recordings of 10 Hz stimulation revealed a significant larger increase of 10 Hz stimulation under control
conditions and WIN55-212,2 application compared to 10 Hz stimulation in ZD7288 (Kruskal-Wallis ANOVA with post-hoc Mann-
Whitney test). (D) The NMDA receptor component of dendritic spikes in presence of the HCN channel blocker remained comparable
after stimulation of the alveus (14.75 + 2.87 mV vs. 14.27 + 3.05 mV, n = 8, p = 0.52, paired t-test) but was significantly increased by
WIN55-212,2 (16.24 + 2.21 mV vs. 18.79 + 2.41 mV, n = 10, p = 0.001, paired t-test). The relative change of the NMDA receptor
component was significantly lager with 10 Hz stimulation under control conditions and with WIN55-212,2 treatment than with 10 Hz
stimulation in ZD7288 (Kruskal-Wallis ANOVA with post-hoc Mann-Whitney test). (E) The maximum slope of the first dendritic spike
showed no significant difference after 10 Hz alveus stimulation in ZD7288 (3.20 IQR 2.21-13.96 mV/ms vs. 3.35 IQR 2.21-14.18
mV/ms, n = 8, p = 0.74, Wilcoxon signed-rank test), but significantly increased after application of the CB1 receptor agonist (2.14 IQR
1.83-2.59 mV/ms vs. 2.44 IQR 2.14-2.90 mV/ms, n = 10, p = 0.002, Wilcoxon signed-rank test). Also, the relative change was
significantly larger after 10 Hz stimulation in control slices as well as slices treated with the CB1 receptor agonist in ZD7288 compared
to 10 Hz stimulation and HCN channel blockade (one-way ANOVA with post-hoc Fisher’s LSD). Note: Values for the control conditions
are from the experiments shown in Figure 3.18. Post-hoc testing was only performed if the appropriate ANOVA reported significant overall
differences. * p < 0.05, **p < 0.01
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3.8 ASTROCYTIC CB1 RECEPTORS ARE ESSENTIAL IN REGULATING DENDRITIC
INTEGRATION

The results so far show that CA1 PC AP firing selectively at a frequency of 10 Hz recruits the
mobilization of endocannabinoids and results in an increase in astrocytic calcium. This in turn
evoked the release of D-serine, which increases the recruitment of NMDA receptors locally at the
dendrite during supralinear dendritic integration. Consequently, dendritic spikes are promoted.
Endocannabinoid signaling is one of the key steps in the described frequency loop. However, CB1
receptors are not only expressed by astrocytes, but to an even greater extent by neurons
(Marsicano and Lutz, 1999; Navarrete and Araque, 2008). To study specifically the involvement
of astrocytic CB1 receptors in this pathway, a transgenic mouse line was used (CB1ff x Ail4 x
GLAST-creERT2). In these mice, tamoxifen treatment results in translocation of the cre
recombinase to the nucleus selectively in cells that express the glutamate aspartate transport
(GLAST). In the nucleus the cre recombinase binds and cleaves the DNA flanked by two lox-P
sequences present in the coding region for the CB1 receptor and around a stop codon in front of
the sequence for tdTomato. Accordingly, CB1 receptors are knocked out and the expression of
tdTomato activated in GLAST-positive cells. The efficacy and specificity to astrocytes of the
knock-out was determined by perfusion fixation and staining for the astrocyte marker GFAP, the
neuronal marker NeuN and the nuclei marker Hoechst (Figure 3.21). tdTomato expression was
used as a proxy for CB1 receptor removal. The majority of the tdTomato-expressing cells were
GFAP-positive astrocytes (89.70 = 1.42 %, n = 3) and hence, should have a knock-out for the CB1
receptor. Interestingly, a subset (7.45 * 1.22 %, n = 3) of the tdTomato expressing cells were
negative for NeuN and GFAP staining. This might suggest that some of these cells are not
astrocytes. It is important to note that GFAP staining does not label all astrocytes in the
hippocampus (Walz and Lang, 1998). Importantly, nearly all (98.71 + 0.82 %, n = 3) of the GFAP-
positive astrocytes also expressed tdTomato, while only a very small number (2.04 + 1.80 %, n =
3) of the NeuN-positive neurons did. These results suggest that the CB1 receptor is deleted in the
majority of astrocytes.
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tdTomato

tdTomato

Figure 3.21. Knock-out of CB1 receptors selectively in astrocytes. Representative average projection of a confocal z-stack of 20
um of a ventral hippocampus slice of a GLAST-CreERT2 x CB1f/f x Ail4 mouse after cre induction by tamoxifen shows the endogenous
tdTomato expression and antibody staining for astrocytes (GFAP), neurons (NeuN) and nuclei (Hoechst). (A-D) Overview of the CA1
region in single color and multi-color overlays (scale bars: 50 um). (E) Enlargement of the marked area in (D) for tdTomato, GFAP
and NeuN (scale bar: 20 pm).
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Using these animals, as well as sham-injected (sunflower oil with 10 % ethanol) and wild type
mice as controls, the role of astrocytic CB1 receptors in alveus stimulation-mediated
enhancement of dendritic integration was assessed (Figure 3.22 A&B). It is important to note that
sham as well as astrocyte-specific CB1 receptor knock-out (aCB1KO) mice have a heterozygous
knock-out of GLAST. Although the majority of glutamate clearance from the synapse at the age
used is performed by GLT1 (Rose et al, 2018), an effect on neuronal excitability cannot be
excluded. Therefore, the basic cellular properties of the whole-cell patched CA1 PCs from wild
type mice were compared to the ones from sham and aCB1KO mice. The membrane resistance
(Rm) and the resting membrane potential (Vi) did not differ (Table 3). However, the AP threshold
showed significant differences between the three mouse lines. Both sham and aCB1KO mice
showed a significant decrease compared to control (Table 3, control vs. sham: p = 0.010, control
vs. aCB1KO p = 0.027, post-hoc Fisher’s LSD). The shape of the APs remained comparable.
Additionally, the population spike amplitude was significantly different. These population spikes
were evoked by alveus stimulation with a stimulation intensity that resulted in 80% of the
maximal amplitude. Post-hoc analysis revealed that the amplitude was selectively increased in
sham mice (Table 3, wild type vs. sham: p = 0.049, sham vs. KO p = 0.002, post-hoc Fisher’s LSD).

Table 3. Properties of CA1 pyramidal cells in wild type, sham-injected and aCB1KO mice

wild type sham aCB1KO

parameter (mean * SEM) (mean * SEM) (mean * SEM) n p test
Rm (MQ) 136.8 £ 14.1 119.3+£9.7 132.8+£10.5 7/8/9 0.54 one-way ANOVA
Vm (mV) -63.4 +£2.96 -66.9 £ 1.95 -67.7+£1.18 7/8/9 0.21 one-way ANOVA
AP threshold (mV) -43.1+2.11 -50.0 +1.88 -48.9 +£1.09 9/10/10 0.02 one-way ANOVA
AP height (mV) 93117 93.7+4.0 94.1+14 8/10/10 0.97 one-way ANOVA
AP upstroke (mV/ms) 409.3 +16.8 407.2+9.2 400.1 +14.7 9/9/10 0.87 one-way ANOVA
popspike (mV) -1.82 £ 0.25 -2.55+0.31 -1.43+0.13 7/8/9 0.008 | one-way ANOVA

AP, action potential, aCB1KO, astrocyte-specific knock-out of CB1 receptor. popspike, population spike amplitude.

These results show that the heterozygous knock-out of GLAST possibly increased the excitability
of CA1 pyramidal cells through lowering the AP threshold. However, sham-injected control mice,
with the same genetic background as the aCB1KO mice, were used as controls in all further
experiments. Accordingly, any effect discovered between these two groups of mice cannot be the
result of an increased excitability. Furthermore, an unspecific difference in the amplitude of the
population spikes was discovered. My results showed that the number of recruited CA1 PCs
varies substantially between different slices (ranging from 20-80 %, Figure 3.16). Therefore, this
is likely the result of the slicing procedure causing a differential connectivity and, hence,
recruitment of CA1 pyramidal cells during retrograde stimulation.

Next, the effect of 10 Hz alveus stimulation on the local dendritic integration was investigated in
wild type, sham-injected and aCB1KO mice. Therefore, the same experimental approach as before
was used (Figure 3.22 A&B). The threshold of the dendritic spike was under control conditions
(wild type and sham mice) significantly decreased during 10 Hz stimulation (Figure 3.22 C, left
panel). No difference was found in the aCB1KO animals. Accordingly, the subthreshold EPSP
amplitude (Figure 3.22 D, left panel), NMDA receptor component amplitude (Figure 3.22 E, left
panel) and the maximum slope of dendritic spikes (Figure 3.22 F, left panel) showed an increase
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during alveus stimulation in both control groups, but not in aCB1KO mice. Comparing the relative
change of each parameter between the different treatments showed significant differences
between both control groups and aCB1KO mice (Figure 3.22 C-F, right panel).

Selective removal of astrocytic CB1 receptors impaired the effect of 10 Hz alveus stimulation that
is observed under control condition and, importantly, in sham-injected control mice.
Furthermore, no differences between these two control groups was found. Therefore, the
differences in excitability between wild type and transgenic mice and the unspecific increase in
the population spike amplitude are not influencing these results. In accordance with these results
astrocytic CB1 receptors play a key role in the modulation of supralinear dendritic integration
during PC firing.

In summary, my data show that theta frequency range of CA1l PCs probably causes the
mobilization of endocannabinoids likely in the stratum radiatum. Here endocannabinoids
activate astrocytic CB1 receptors and subsequently an increase in the astrocytic calcium occurs.
The calcium increase stimulates the release of D-serine locally at the dendrites. Under these
circumstances, clustered synapses activated are now more likely to cause the initiation of
dendritic spikes and possibly changes in the AP output of the CA1 PC. An interesting question,
which remains, addresses the behavior that requires this positive feedback exerted by astrocytes
through the activation of their CB1 receptors.
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Figure 3.22. Astrocytic CB1 receptors are essential for facilitation of supralinearity. (A) Example of a CA1 pyramidal cell filled
with Alexa Fluor 594 (40 uM) via a whole-cell patch clamp pipette in an aCB1RKO (GLAST-CreERT2 x CB1f/f x Ai14 mouse, tamoxifen
injected) mouse (scale bar: 20 um) and enlargement of the stimulated dendrite within the territory of a tdTomato expressing astrocyte
(scale bar: 5 um). (B) Representative example of the relationship between iontophoretic stimulation intensity and somatic EPSP
amplitude for a nonlinear integrating dendrite in an aCB1KO mouse during baseline (black) and after 10 Hz alveus stimulation
(purple). The first dendritic spike is marked by a color-coded dashed line with the corresponding somatic traces (scale bar: 3 mV, 20
ms) and first derivatives (scale bar: 2 mV/ms, 2 ms) in the right panel. (C) Wild type and sham injected mice showed a decrease in
the threshold stimulus after 10 Hz stimulation (WT: 0.47 * 0.04 pA vs. 0.38 £ 0.04 pA,n =7, p = 0.002, paired t-test; sham: 0.36 + 0.03
A vs.0.31 £ 0.03 pA, n =8, p =0.0007, paired t-test). No change was observed in aCB1RKO mice (0.26 IQR 0.19-0.45 pA vs. 0.26 IQR
0.22-0.47 pA,n =9, p = 1, Wilcoxon signed-rank test). (D) The amplitude of subthreshold EPSP was significantly increased with 10 Hz
stimulation of the alveus in WT and sham-injected mice (WT:9.60 + 2.32 mV vs. 11.44 + 2.18 mV,n =7, p = 0.041, paired t-test; sham:
592 +1.51mVvs.7.09 £1.62mV,n=8,p=0.0002, paired t-test) but unchanged in aCB1KO mice (6.63 + 1.09 mV vs. 6.07 + 0.96 mV,
n =9, p = 0.32, paired t-test). (E) Also, the amplitude of the NMDA receptor component of the dendritic spike was significantly
increased with 10 Hz stimulation in WT and sham-injected mice (WT: 18.81 + 1.91 mV vs. 21.93 £ 2.20 mV,n =7, p = 0.021, paired t-
test; 13.83 £ 1.50 mV vs. 16.41 + 1.29 mV, n = 8, p = 0.006, paired t-test) but not in aCB1KO mice (13.73 + 1.36 mV vs. 12.83 + 1.14
mV,n =9, p = 0.14, paired t-test). (F) The maximum slope was increased by 10 Hz alveus stimulation in both control animals (WT:
2.18 £ 0.30 mV/ms vs. 2.79 £ 0.34 mV/ms, n =7, p = 0.013, paired t-test; sham: 1.58 IQR 1.30-4.50 mV/ms vs. 2.13 IQR 1.53-5.03
mV/ms, n =8, p = 0.008, Wilcoxon signed-rank test), but not in the aCB1KO ones (1.83 IQR 1.53-4.27 mV/ms vs. 1.83 IQR 1.53-4.73
mV/ms,n=9,p=0.91, Wilcoxon signed-rank test). (C-F) For all parameters a significant change of WT and sham compared to aCB1KO
was present (one-way ANOVA with post-hoc Fisher’s LSD). WT, wild type; aCB1RKO, astrocyte specific CB1 receptor knock-out. Note:
Post-hoc testing was only performed if the one-way ANOVA reported significant overall differences. * p < 0.05, ** p < 0.01, *** p < 0.001.
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3.9 ASTROCYTIC CB1 RECEPTORS REGULATE SPATIAL LEARNING AND MEMORY

To address the behavioral output this novel frequency-dependent feedback loop mediates, it is
important to take several things into account. The specific tuning to activity in the theta frequency
band suggests that especially behavior that induces this activity could recruit astrocytic CB1
receptors. In the hippocampus the frequency of theta oscillations correlate with the animal’s
speed during exploration (Kramis et al., 1975; Vanderwolf, 1969). Furthermore, it is thought that
theta oscillations put the hippocampus in an active state necessary for the encoding of memory
(Buzsaki, 2002; Tanaka et al., 2018). Memory processed and encoded by the CA1 microcircuit
usually contains spatial aspects. For example, changes in the environment result in
rearrangement of CA1 place cells and fields (Lenck-Santini et al., 2005; Lever et al., 2010). This
rearrangement is accompanied by a shift in the phase precession of the place cells to the local
theta rhythm. Dendritic spikes have been shown to correlate with the spatial precision,
generation, persistence and disappearance of place fields in CA1 PCs (Sheffield and Dombeck,
2015; Sheffield et al., 2017). Accordingly, behavioral tests, which require spatial learning through
dynamic changes in the place cell firing, are suitable to study the role of astrocytic CB1 receptors.

To investigate if astrocytic CB1 receptors modulate learning and memory formation aCB1KO
mice (CB1ff x Ail4 x GLAST-creERTZ2, tamoxifen injected) and sham-injected littermates as
control mice were subjected to several tasks. The design of these experiments was developed by
me with the expertise of Thoralf Opitz (senior postdoctoral fellow, laboratory of Heinz Beck). The
required animals for the experiments were bred, tamoxifen injected and verified by me. I
monitored the experiments and analyzed the obtained data. The performance of the behavioral
experiments and the corresponding handling of these animals was the responsibility of Rebekka
Z06lzer (technical assistance, laboratory of Heinz Beck).

3.9.1 ASTROCYTIC CB1 RECEPTORS DO NOT INFLUENCE GENERAL EXPLORATORY BEHAVIOR

The open field test is widely used to gain insight into a mouse’s locomotor ability and anxiety-like
behavior (Seibenhener and Wooten, 2015). Before behavioral testing is performed, it is important
to test, whether locomotion and exploration is comparable between the mice. Differences
detected with the open field test may affect any result obtained using other tests. Naive mice were
placed into an open field arena (40 x 60 cm) and were allowed to explore it freely for ten minutes
(Figure 3.23 A&D). The total distance travelled and the mean velocity of the mice did not differ
between the groups (Figure 3.23 B&C). Thus, the locomotion between the two groups of mice is
comparable. Importantly, fecal boli deposits and the relative cumulative time the animals spend
in the inner or outer zone of the open field did not show differences either (Figure 3.23 A&E).
Increased anxiety or stress is known to increase fecal boli deposits and will decrease the time
spend in the inner zone (Seibenhener and Wooten, 2015). However, no differences were detected
between the two groups of mice. Therefore, mice with an astrocytic CB1 receptors knock-out
showed no impairment in locomotion or anxiety-like behavior that could confound further
behavioral examination.
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Figure 3.23. Astrocytic CB1 receptors do not influence exploratory behavior in the open field. (A) Schematic representation of
the open field arena (40 x 60 cm). (B) Total distance the mice travelled within ten minutes of free exploration of the arena showed no
difference between the two groups (2580 + 136 cm vs. 2514 + 109 cm, n = 15, p = 0.71, Student’s t-test). (C) Fecal boli deposit count
was comparable between the two groups (3.27 + 0.46 vs. 3.33 + 0.54, n = 15, p = 0.93, Student’s t-test). (D) A representative track of
a sham and aCB1KO mouse throughout the area. (E) Cumulative duration mice of both groups spend in the outer and inner zone,
respectively, did not show differences between the two groups or an interaction effect (outer: 87.67 * 2.50 % vs. 87.22 * 2.27 %j;
inner: 12.33 + 2.5 % vs. 12.77 + 2.27 %, n = 15, group: p = 0.33, interaction: p = 0.90, two-way repeated measurement ANOVA).

3.9.2 SPATIAL WORKING MEMORY DOES NOT REQUIRE ASTROCYTIC CB1 RECEPTORS

The hippocampus plays an important role in encoding spatial working memory (Spellman et al,,
2015). It is thought that constant updating of spatial information takes place through direct
connections with the prefrontal cortex. However, activity in several other brain regions is
required as well (Lalonde, 2002). Accordingly, spatial working memory tasks are often used to
investigate general cognitive deficits in rodents. Alterations in spatial working memory can
influence the behavior of mice in other tasks, as it is required for exploration of unfamiliar
environments and continuous adaptation of once behavior in response to rewards or threats
(Baddeley, 1992). One task that investigates spatial working memory is the Y-maze (Figure 3.24
A; Lalonde, 2002). Resulting from the inherent preference to novelty, mice tend to visit the arms
in alternating order. This order of arm entries is recorded to calculate the alternation index (Al).
If a mouse visited all three arms after one another, the triplet is counted as an alternation. The Al
measures the number of performed alternations relative to the number of possible alternations
(max. number of alternations). aCB1KO mice did not show any difference in the Al (Figure 3.24
B) nor in the total number of alternations (Figure 3.24 C) compared to sham-injected control
mice. In summary, aCB1KO mice did not show any deficits in spatial working memory.
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Figure 3.24. Astrocytic CB1 receptors do not influence spatial working memory. (A) Schematic representation of the arena. The
sequence of arm entries was recorded and analyzed for triplets containing all three arms. This number is divided by the total number
of possible triplets and multiplied by 100 to calculate the alteration index (AI). (B) The Al was not different between sham-injected
and aCB1KO mice (58.77 + 2.21 % vs. 59.58 = 1.72 %, n = 19/18, p = 0.78, Student’s t-test). (C) The maximum number of possible
alterations did not differ (37.42 + 1.78 vs. 35.72 + 1.61,n = 19/18, p = 0.48, Student’s t-test).

3.9.3 AsSTRoCYTIC CB1 RECEPTORS ARE REQUIRED FOR LONG-TERM SPATIAL MEMORY

The CA1 microcircuit has a central role in spatial novelty detection (Brun et al., 2002; Larkin et
al, 2014; Lee et al.,, 2004). This requires retrieval of already encoded memory. The Schaffer
collateral fibers transmit this information from the CA3 to the CA1. Accordingly, the modulation
of dendritic spikes in the stratum radiatum of CA1l by astrocytic CB1 receptors could alter
memory retrieval and, hence, impair novelty detection. Object recognition tasks, like the novel
object recognition task (NORT) and object location task (OLT), require memory retrieval for
accurate novelty detection (Ennaceur, 2018). During both tasks, the mice were freely exploring
two identical objects for ten minutes. After a 24-hour delay either one object or the location of
one object was changed. Since mice show an inherent preference for novelty, they are expected
to show more interest in the novel object or location compared to the familiar one. Therefore, the
time the animals explored each object was measured. Exploration was defined as the nose-point
being within 2 cm of the object, with the body pointing towards the object. The discrimination
index (DI; see section 2.6.2) was used as a parameter for analysis.

The NORT requires apart from several cortical areas also the hippocampus (Antunes and Biala,
2012) and is frequently used to study alterations in long-term memory. During acquisition of the
object’s identity, sham and aCB1KO mice examined both objects in a similar ratio and for a similar
duration (Figure 3.25 A). After a 24 h delay, one of the objects was exchanged with a novel one
that was different in shape, texture and color (Figure 3.25 B). After the delay, mice from both
groups were able to distinguish the novel from the familiar object (Figure 3.25 B2, DI > 0, p <
0.001, one-population Student’s t-test). Nevertheless, the DI was significantly lower in aCB1KO
mice. The total object exploration time showed a trend to be lower in the aCB1KO mice.
Examining the relationship between exploration time and DI revealed a significant correlation (R
= 0.43, p = 0.043, Spearman’s rank correlation). Therefore, an interpretation of the result is
difficult, since the difference in discrimination could be cause by a decreased interest in the
objects.
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Figure 3.25. Astrocytic CB1 receptors mediate object recognition and location memory. (A1-D1) Schematic representation of
the arena and representative heat maps for one mouse of each group illustrating the relative exploration time of each objects. (A)
Acquisition of novel object recognition test. (A2,3) Sham-injected and aCB1KO mice show no difference in the discrimination index
between objects (0.06 + 0.07 vs. 0.03 + 0.07,n=13/10, p = 0.78, Student’s t-test) and total exploration time (16.56 IQR 13.18-23.56 s
vs. 13.341QR 11.36-36.99 s, n = 13/10, p = 0.74, Mann-Whitney test). (B) Memory test of novel object recognition test. (B2) aCB1KO
mice had a significantly reduced discrimination index compared to sham-injected control mice (0.62 + 0.04 vs. 0.43 + 0.08, n=13/10,
p = 0.025, Student’s t-test). (B3) The total exploration time of the objects was slightly reduced in aCB1KO mice (20.09 IQR 14.74-
30.11 s vs. 16.83 IQR 10.40-18.42 s, n = 13/10, p = 0.10, Mann-Whitney test). (C) Acquisition of the object location test. (C2) Mice
from both groups did not discriminate between the two object locations during learning (0.08 + 0.03 vs.-0.002 £ 0.07,n=10/12,p =
0.34, Student’s t-test). (C3) aCB1KO mice explored the objects significantly less compared to sham-injected mice during acquisition
(22.58 IQR 18.09-36.57 s vs. 10.67 IQR 9.11-24.52 s, n = 10/12, p = 0.021, Mann-Whitney test). (D) Memory test of object location
test. (D2) While sham-injected mice explore the object in the novel location significantly more, aCB1KO mice did not discriminate
between the objects (0.30 + 0.010 vs.-0.09 £ 0.09,n =10/12, p = 0.0098, Student’s t-test). (D3) The total time the mice explored the
objects was not different (6.40 IQR 2.65-10.61 s vs. 4.43 IQR 3.59-6.83 s,n = 10/12, p = 0.54, Mann-Whitney test).
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In contrast to the NORT, the OLT is particularly sensitive to alterations in the hippocampal CA1
region (Assini et al., 2009). While both groups examined the two objects on the first day to a
similar extent (Figure 3.25 C1&2), the total exploration time was significantly shorter in the
aCB1KO mice (Figure 3.25 C3). After the 24 h delay, aCB1KO mice showed an inability to
distinguish the object in the novel location from the one in the familiar location (Figure 3.25
D1&2, 0.09 * 0.35, n = 12, p = 0.35, one-population Student’s t-test). Furthermore, the DI was
significantly lower compared to the sham controls (Figure 3.25 D2) without any difference in the
total exploration time (Figure 3.25 D3). To determine whether the shortened exploration times
during memory acquisition in aCB1KO mice might influence the DI on the second day, the
relationship between the two was examined. However, no significant correlation was found (R =
0.21, p = 0.36, Spearman’s rank correlation). It can be concluded that the selective knock-out of
CB1 receptors from astrocytes results in impaired spatial long-term memory.

3.9.4 ASTROCYTIC CB1 RECEPTORS ARE RECRUITED DURING SPATIAL REVERSAL LEARNING OF
AN AVERSIVE STIMULUS

Emotions can improve episodic memory formation (Hamann et al., 1999) and in line with this
activity in the amygdala has been shown to be responsible for memory enhancement through
aversive stimuli. The amygdala is strongly connected to the ventral hippocampus (Kishi et al,,
2006), where the slice experiments characterizing the frequency-dependent feedback loop were
performed. To examine fear-related spatial memory, the mice were subjected to a passive place
avoidance task. During this task, an aversive stimulus in form of an air puff is introduced in
specific locations of an O-shaped maze (Figure 3.26 A). This behavior test can be used to examine
several components of aversive memory formation in relation to a spatial paradigm: the encoding
(learning), the memory retention (stability) and reversal memory (flexibility); and hence activity
in several neocortical areas, the amygdala and the hippocampus (Cimadevilla et al., 2000;
D’Hooge and De Deyn, 2001; Lénard and Kertes, 2002; Vafaei and Rashidy-Pour, 2004).

During the first day, the mice were habituated to the O-shaped maze. Both groups explored the
maze at similar velocity (9.72 + 0.64 cm/s vs. 9.37 * 0.48 cm/s) and distance travelled (Figure
3.26 B). On the second day, an air puff was introduced at position A. This resulted in an overall
reduction of locomotion. Mice from both groups learned the position of the air puff quickly
(Figure 3.26 C). During the second half of the exploration period, mice of both groups activated
the air puff less than once. Comparing these to the first half, significant learning, measured
through the number of air puff activation, was observed in both groups. Notably, no significant
difference between sham-injected and aCB1KO mice was detected. On the third day, long-term
aversive place memory was tested, with the air puff still being present at position A. The number
of air puff activations and the latency to the first activation did not differ between the two groups
of mice (Figure 3.26 D). On the fourth day, on which the air puff was no longer present, no
difference in retention memory was detected (Figure 3.26 E). On day five, the air puff was moved
to position B on the opposite side of the maze to examine the flexibility of the aversive memory.
The aCB1KO mice showed a significantly higher number of air puff activations compared to sham-
injected mice, while crossings at the previous location (position A) were comparable (Figure 3.26
F, left panel). Moreover, the duration from first to last air puff activation was significantly
increased in knock-out mice (Figure 3.26 F, middle left panel).
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Figure 3.26. Astrocytic CB1 receptors selectively influence reversal memory in a passive place avoidance task. (A) Schematic
representation of the arena with location of the air puff for each day of the task. (B) The total distance the mice travelled in the arena
per day showed no difference between the two groups of mice (n = 17/15, p = 0.58, two-way repeated measurement ANOVA). After
the introduction of the air puff, the total distance travelled significantly decreased for all mice comparing each day today 1 (n=17/15,
p < 0001, two-way repeated measurement ANOVA with Greenhouse-Geisser correction; p < 0.001, post-hoc Tukey test). (C) Day 2:
Acquisition. Sham-injected and aCB1KO mice activated the air puff in comparable amounts (6 IQR 4.5-8 vs. 5IQR 4-7,n=17/15,p =
0.62, Mann-Whitney test). Comparing the air puff activation binned by five minutes intervals revealed a significant decrease over time
(n=17/15, p < 0.001, two-way repeated measurement ANOVA). No difference between the groups of mice was detected (n=17/15,
p = 0.64, two-way repeated measurement ANOVA). (D) Day 3: Test. Sham-injected and aCB1KO mice activated the air puff equally
often (1 IQR 1-2 vs. 1 IQR 0-2, n = 17/15, p = 0.73, Mann-Whitney test). The latency to the first air puff activation did not show a
difference (300.75 + 41.7 s vs. 288.30 + 35.825,n=15/11, p = 0.83, Student’s t-test).

(Figure legend continued on next page)
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(E) Day 4: Retention. At this day, the air puff was removed. The transitions at the former air puff location did not show a significant
difference between both groups of mice (5 IQR 0-9 vs. 6 IQR 2-13,n = 17/15, p = 0.45, Mann-Whitney test), neither did the latency to
the first transition (235.73 + 28.42 s vs. 258.23 + 37.43 s,n = 12/14, p = 0.65, Student’s t-test). (F) Day 5: Reversal. At this day, the air
puff was moved to the opposite arm. aCB1KO mice activated the air puff significantly more often than sham-injected control mice
(3.65 + 0.50 vs. 5.93 £ 0.61, n = 17/15, p = 0.0066, Student’s t-test). The transitions at the former air puff location did not show a
difference between the two groups of mice (2 IQR 0-6.5 vs. 1 IQR 0-8, n = 17/15, p = 0.77, Mann-Whitney test). The time interval
between first and last activation of the air puff was significantly longer in aCB1KO mice than in sham-injected ones (259.57 + 38.23 s
vs. 389.19 £ 32.26 s, n = 17/15, p = 0.016, Student’s t-test). The number of animals activating the air puff < 3 or > 3 times was
significantly different between the two groups of mice (p = 0.036, Fisher’s exact test). Comparing the number of air puff activations
binned in five minutes intervals revealed a significant influence of the time bin and the group of the mice (n = 17/15, time: p =
0.000009, group: p = 0.0066, time x group: p = 0.072, two-way repeated measure ANOVA). aCB1KO mice activated the air puff
significantly more often during the first five minutes compared to sham-inject mice (2.35 * 0.33 vs. 4.07 + 0.35, p = 0.0007, post-hoc
Tukey test), but not during the last five minutes (1.29 + 0.33 vs. 1.87 £ 0.35, p = 0.64, post-hoc Tukey test). Additionally, sham-injected
mice did not show a difference over time (2.35 * 0.33 vs. 1.29 + 0.33, p = 0.13, post-hoc Tukey test), while aCB1KO mice did (4.07 *
0.35vs. 1.87 £ 0.35, p = 0.0006, post-hoc Tukey test).

To investigate the difference on the fifth day in more detail, mice were categorized as quick-
learners (< 3 activations) and slow-learners (> 3 activations; Figure 3.26 F, middle right panel).
A significant higher proportion of aCB1KO mice were slow-learners, with a relative risk of 2.74.
Nevertheless, over time a significant reduction in air puff activations was observed in the aCB1KO
mice as well (Figure 3.26 F, right panel). In line with this, a significant difference in air puff
activation was only observed during the first five minutes bin, with comparable activation
numbers during the last bin, comparing sham and aCB1KO mice. Interestingly, significant
differences in the number of air puff activations between the initial learning (day one) and
reversal learning (day five) were observed (Figure 3.26 C and F, left panel: day: p = 0.013, group:
p = 0.17, day x group: p = 0.028, n = 32, two-way repeated measures ANOVA). Sham-injected
control mice required a significant lower number of activations on day five than on day one (6.59
+#0.73 vs.3.65 £ 0.50,n = 17, p= 0.0068, post-hoc Tuckey test). This difference was not detected
in the aCB1KO mice (6.13 * 0.62 vs. 5.93 + 0.61, n= 15, p = 1.00, post-hoc Tuckey test). On the
fourth day, the aversive place memory is overridden and therefore transitions at this position
occurred in increasing number independent of the CB1 receptor knock-out (first time-bin: 2.2 +
0.47 vs. second time-bin: 4.41 * 0.68, n = 32, time: p = 0.0003, time x group: p = 0.52, group: p =
0.55, two-way repeated measures ANOVA, data not shown). However, the total number of
activations varied considerably between animals, with a coefficient of variation of 1.05. As
memory extinction and reversal learning are both important for cognitive flexibility (Chaby et al.,
2019), the deficit in acquiring the novel spatial information of the air pufflocation might correlate
with the inability to eliminate the previously learning position. This hypothesis was tested by
investigating the relationship between the number of transitions on day four (measure of
memory extinction) and the number of air puff activations on day five (measure of reversal
learning). Surprisingly, the opposite was found. Mice that showed a higher number of transitions
on day four (no air puff), also showed higher transition rate on day five for both locations (A: R =
0.44,n=32,p=0.01; B:R=0.53,n=32, p=0.002, Spearman’s rank correlation, data not shown).
This means, that exactly those mice that display successful memory extinction, show an
impairment during the reversal learning. Thus, rather unspecific general mouse-to-mouse
differences in locomotion might underlie this correlation. It is important to note that a small
number of mice did not cross position A on day four. These mice never discover the absence of
the air puff. As no extinction of the previous memory was induced, it was investigated whether
this has an impact on the result obtained. However, excluding these mice from analysis still
resulted in a significant difference in total air puff activation on day five (3.75 * 0.57 vs. 6.14 *
0.62,n=12/14, p = 0.0096, Student’s t-test, data not shown).
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In summary, the results show that aCB1KO display normal exploratory and anxiety-related
behavior as well as spatial working memory. However, aCB1KO mice are unable to distinguish
between an object in a familiar and novel location after a 24 h delay. Likewise, the recognition of
the novel object as opposed to a familiar one was impaired. This suggests a deficit in spatial
novelty detection during long-term spatial learning. Using a spatial place avoidance task, it was
shown that aCB1KO mice were able to acquire, remember and extinct an aversive place memory.
While these results might seem to contradict the results from the object recognition memory task,
it is important to take into consideration that emotional learning enhances our learning abilities
(Hamann et al., 1999). The presence of an aversive stimulus will recruit other brain regions, like
the amygdala, that by connections to the hippocampus can alter memory encoding and
reconsolidation (McGaugh, 2004). Therefore, more subtitle deficits in spatial learning might not
be detected in the passive place avoidance task. Interestingly, aCB1KO mice showed a significant
reduction in learning a second, new position of an aversive stimulus. Thus, aCB1KO mice might
have a reduced memory flexibility. Taken together, these results show that astrocytic CB1
receptors play an important role in spatial long-term memory and control the adaptation of a
formed aversive memory.
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4 DISCUSSION

My thesis investigated how astrocytes shape dendritic integration and how this affects behavior.
The integration of synaptic inputs is a fundamental feature of neurons. A hippocampal CA1l
pyramidal cell (PC) receives thousands of inputs. The resulting changes in potential are summed
up not only at the soma but also locally in the dendrites. Here, asynchronous or distributed inputs
are integrated linearly (Gasparini et al., 2004; Losonczy and Magee, 2006). Synchronous, spatially
clustered inputs, however, can evoke dendritic spikes under specific circumstances. This will
resultin a supralinear summation of the synaptic input. Moreover, CA1 PC dendrites can generate
large local plateaus potentials in response to simultaneous activation of both input pathways, i.e.,
the Schaffer collateral and perforant path fibers (Takahashi and Magee, 2009). Dendritic spikes
and plateau potentials modulate distinct output computations and have been implicated in place
cell arrangement in vivo: changes in action potential (AP) number and timing or changes in firing
mode (Bittner etal., 2017; Grienberger et al., 2014). The presented results showed that astrocytes
can modulate dendritic integration. On the one hand, glutamate uptake by astrocytes is less
efficient at large spines compared to small ones. The former also favors the induction of dendritic
spikes and supralinear integration over linear dendritic integration without dendritic spikes. On
the other hand, astrocytes can dynamic modulation of supralinear dendritic integration through
the supply of the NMDA receptor co-agonist D-serine. My experiments revealed a previously
unknown positive feedback loop linking activity in the theta frequency band, endocannabinoids,
astrocytic CB1 receptors and calcium elevations to the release of D-serine and a subsequent
increase in supralinear dendritic integration. Disrupting this signaling cascade led to specific
alterations in spatial learning and memory. Furthermore, a central role of the astrocytic resting
calcium concentration in mediating the shape of calcium transients was discovered. This section
discusses the results and their implications.

4.1 ASTROCYTE CALCIUM TRANSIENT SHAPE AND FUNCTION

Calcium transients in astrocytes have a crucial role in regulating synaptic transmission through,
for example, the release of gliotransmitters (Guerra-Gomes et al., 2018). One of the aims of my
thesis was to gain a better understanding of the factors determining the shape of astrocytic
calcium transients. To this extent, the relevance of the resting calcium concentration in astrocytes
for peak and amplitude of calcium transients was studied. Using fluorescence lifetime imaging
(FLIM) recordings of the calcium-sensitive indicator Oregon Green BAPTA-1 (OGB-1) in whole-
cell patch clamped astrocytes, Claire M. King, a former Ph.D. student in our laboratory,
demonstrated not only strong variations in the resting calcium concentration within individual
astrocytes but also found a positive correlation between the resting and peak calcium
concentration of spontaneous and evoked calcium transients (King* Bohmbach* et al.,, 2020).
Furthermore, she discovered a negative correlation between the resting calcium concentration
and the amplitude. In further experiments, she was able to cause predictable changes in the
calcium concentration of the transient’s peak and amplitude by increasing or decreasing the
resting calcium concentration through deactivation or release of calcium chelators by photolysis,
respectively.
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The experiments presented in this thesis investigated the relationship between the resting
calcium concentration and the peak or amplitude of the transient in unperturbed astrocytes.
Therefore, genetically modified mice, expressing the calcium sensitive indicator GCaMP5g and
the calcium insensitive indicator tdTomato were used. In line with the previous findings, the data
showed that the local resting calcium concentration shapes the peak and amplitude of calcium
transients in astrocytes differentially (Figure 3.2). While the peak increased with increasing
resting calcium, the amplitude decreased. Since this dependency was observed throughout
different preparations (in vitro and in vivo) and experimental approaches (spontaneous and
locomotion-induced transients), it is likely to be a universal principle.

To understand the underlying molecular mechanism, calcium influx from different sources was
reduced by performing experiments in nominally 0 mM calcium or in presence of the store-
depending calcium release blockers 2-APB and ryanodine. Interestingly, the positive correlation
between baseline and peak was selectively reduced in nominally 0 mM calcium. On the other
hand, selective impairment of the inverse relationship between baseline and amplitude was
found when store-dependent calcium release was blocked. In line with these findings, Claire M.
King and Daniel Minge found a negative correlation between the baseline and amplitude of
astrocytic calcium transients when store-dependent calcium release was triggered through ATP,
glutamate or norepinephrine (King*, Bohmbach* et al., 2020). Store-dependent calcium release
is mainly regulated by IP3 receptors, albeit varying results concerning the magnitude of their
contribution have been found (Agarwal et al., 2017; Kanemaru et al., 2014; Petravicz et al., 2008;
Sherwood et al,, 2017; Srinivasan et al., 2015). This controversy has been addressed recently by
Okubo et al. (2019). Using a fluorescent calcium indicator, the authors have suggested a role for
IP3 receptor 2-independent calcium release from the endoplasmic reticulum through, for
instance, mitochondria. However, 2-APB does not directly block IP3 receptors but inhibits
calcium refilling of the endoplasmic reticulum by store-operated calcium entry (SOCE; Okubo et
al,, 2020). The concentration of calcium within the endoplasmic reticulum declines rapidly after
application of 2-APB and a subsequent increase in [P3 will not be able to cause an increase in the
intracellular calcium. Accordingly, reductions in the amplitude of spontaneous and evoked
astrocytic calcium transients have been found using this drug (Jennings et al., 2017; Vaarmann et
al,, 2010).

But how can the resting calcium concentration within the astrocyte modulate the efflux of calcium
from the endoplasmic reticulum? Several models state that an increase in the intracellular
calcium concentration does increase the open probability of IP3 receptors (Foskett et al., 2007;
Hituri and Linne, 2013). Based on a resting calcium concentration of 70-90 nM in astrocytes
(Zheng et al,, 2015), an increase in the intracellular calcium concentration would indeed increase
the opening probability of IP3 receptors (Foskett et al., 2007; Hituri and Linne, 2013). However,
the negative correlation suggests the opposite. A possible explanation could be a full equilibration
of the calcium concentration between the cytosol and the endoplasmic reticulum during a
cytosolic transient and hence, a reduced driving force of calcium efflux from the endoplasmic
reticulum in higher resting calcium concentration. Modeling by Christian Henneberger suggests
that indeed this would explain the negative correlation found experimentally (King*, Bohmbach*
etal.,, 2020).
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Overall, the described relationships may have intriguing implications since they suggest that
changes in the resting concentration of calcium can directly influence the magnitude of the peak.
Differences in astrocytic resting calcium have been described during development (Zheng et al.,
2015) as well as under physiological and pathophysiological conditions (Agarwal et al., 2017;
Jennings et al., 2017; Kuchibhotla et al., 2009; Shigetomi et al., 2012; Srinivasan et al., 2015).
These changes will directly influence the peak and amplitude and thus, calcium-dependent
mechanisms in astrocytes (for review of mechanisms see Bazargani and Attwell, 2016). The
resting calcium concentrations can therefore be seen as an integrator. It changes in response to
neuronal activity, toxic deposits and pathophysiological changes in ion homeostasis and
translates these in a differential output. For instance, neuronal activity can be altered through
calcium-dependent uptake of extracellular potassium (Wang et al.,, 2012a) and in other cell types
changes in free cytosolic calcium can even alter gene expression (Li et al.,, 1998). But changes in
the intracellular calcium can, of course, also modulate the release of gliotransmitters.

In astrocytes, it has been described that changes in the resting calcium concentration modulate
the extracellular D-serine concentration (Shigetomi et al., 2013b). The release of D-serine from
astrocytes has been shown to (partially) depend on vesicular release mediated by SNARE
proteins and intracellular calcium (Henneberger et al., 2010; Martineau et al., 2013; Papouin et
al, 2017; Sultan et al.,, 2015). Consequently, it should follow a power law dependency, as
described for neuronal release. Schneggenburger and Neher (2000) investigated the sensitivity
of synaptic transmission to local calcium at the calyx of Held. They have found that the peak
calcium concentration increased the release rates with an exponent of four. In astrocytes,
increases in calcium as small as 50 nM have been shown to cause the release of glutamate
(Parpura and Haydon, 2000). Hill coefficients, a measure of the (positive) cooperative binding of
calcium ions, in astrocytes have been estimated to be between three and five (Kreft et al., 2004;
Parpura and Haydon, 2000). This indicates that already changes in the local resting calcium in the
nanomolar range are sufficient to cause significant increases in the peak concentration and can
pose an even greater influence on the release probability.

Spontaneous calcium events in astrocytes are quite infrequent in slice preparations and can vary
substantially within and between cells (1-2 per minute, our data and Gee et al., 2014; Shigetomi
et al,, 2013). They occur mainly in microdomains (Kanemaru et al., 2014) and display a large
variability even to the same stimulus (Taheri et al., 2017). Furthermore, calcium indicators likely
buffer the peak amplitude and frequency of calcium transients (Denizot et al., 2019). Thus,
detection, owing to noise during the acquisition, and accurately estimating the frequency is
difficult. I investigated whether a rather crude measure, the integral of the fluorescence ratio
throughout the astrocytic territory, could serve as an alternative parameter to detect general
changes in astrocytic calcium. The integral should be influenced by the frequency of astrocytic
calcium transients but also by changes in the resting and peak calcium concentration. It is known
that changes in the extracellular calcium concentration result in changes in the spontaneous
frequency of calcium events (Di Castro et al,, 2011; Kuchibhotla et al., 2009; Shigetomi et al., 2012;
Wu et al,, 2019). My recordings in nominally 0 mM calcium reproduced this effect (Figure 3.2).
The integral showed a significant decrease as well. Importantly, a significant correlation between
the changes in the integral and the changes in the frequency was observed. Besides decreases in
calcium transients, also increases are mirrored by the integral. 10 Hz stimulation of the alveus
resulted a significant increase in both, calcium transient frequency and in the integral. These
results propose that the integral could indeed serve as crude, but quantitative parameter to
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examine general changes in astrocytic calcium. Notably, changes in the integral were rather small
in magnitude. Likely, local effects are diluted by averaging over the whole territory of the
astrocyte. In agreement with this is the observation that throughout the whole territory a 5-10 %
change in the integral was detected (Figure 3.19), while examination of smaller regions of interest
yielded in a change of 25 % during alveus stimulation (Figure 3.17). Therefore, rather small
overall changes likely represent larger local adaptations of the calcium transient dynamics.
Overall, determining the integral can be used as a quantitative measure for changes in astrocytic
calcium.

4.2 ASTROCYTES CONTROL THE DWELL TIME OF GLUTAMATE AT THE SYNAPSE
THROUGH SPINE SIZE-DEPENDENT UPTAKE

One aim of my thesis was to determine whether astrocyte glutamate uptake is differentially
regulated at spines of different sizes. Astrocyte coverage of spines varies within the hippocampus
(Ventura and Harris, 1999). Only half of the synapses have an astrocytic process in their vicinity.
It is known that these fine astrocytic processes are particularly enriched in glutamate
transporters (Sakers et al,, 2017) and that a retraction of these processes modulates the spatial
spread glutamate (Oliet et al, 2001; Sweeney et al, 2017). In the dentate gyrus, astrocytes
processes can be found preferably at thin spines. Whether astrocytes target spines of different
size differentially in the stratum radiatum is unknown. Unpublished data from our laboratory by
Michel K. Herde have suggested that small spines have lower concentrations of perisynaptic
glutamate (Herde et al., unpublished). Furthermore, he showed that the density of GLT-1 is
increased at small spines. But does this difference in glutamate also cause functional implications
for the synaptic transmission? To answer this question, [ examined the effect of glutamate uptake
inhibition on single spine NMDA receptor-mediated calcium responses to microiontophoretic
glutamate application. The decay of these responses showed a significant increase selectively for
small spines after glutamate transporter inhibition (Figure 3.8). Bigger spines were largely
unaffected by this treatment. The decay of NMDA receptor responses has been shown to be a
valuable measure for glutamate clearance rates (Armbruster et al., 2016; Pinky et al., 2018). This
suggests a lower glutamate clearance rate at larger spines.

Rapid changes in spine size occur during the induction of long-term potentiation (LTP; Matsuzaki
et al,, 2004; Nagerl et al,, 2004). In parallel changes in the astrocyte morphology are observed
(Bernardinelli et al., 2014; Lushnikova et al., 2009). Whether these rapid changes in the neuron-
astrocyte proximity also rapidly modify glutamate uptake needs to be determined. Monitoring of
the perisynaptic glutamate levels using the optical sensor iGluSnFr before and after induction of
plasticity at a single spine could provide evidence for this hypothesis.

What would be the functional implication of differential glutamate uptake? A longer glutamate
dwell time at larger spines would likely cause increased recruitment of pre-, peri- and
extrasynaptic receptors. Oliet et al. (2001) have observed that retraction of astrocytic processes
results in reduced glutamate uptake in the hypothalamic supraoptic nucleus. This has caused an
increased recruitment of presynaptic mGluRs and subsequently a decreased release of
neurotransmitters. Thus, the longer glutamate dwell time selectively at larger spines could cause
increased recruitment of presynaptic mGluRs at the Schaffer collaterals synapses. This could in
turn influence the release probability of glutamate in a spine size dependent manner. Another
interesting functional consequence is the increased recruitment of peri- and extrasynaptic NMDA
receptors. Some studies have suggested an important role of extrasynaptic, GluN2B-containing
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NMDA receptors in the induction of long-term depression (LTD; Liu et al.,, 2004; Massey et al.,
2004; Papouin et al., 2012). This suggests that large spines are biased to LTD induction while
small spines are more likely to exhibit LTP. However, the relevance of distinct NMDA receptors
at different subcellular locations and containing different subunits in regulating plasticity is still
under debate. Recruitment of extrasynaptic NMDA receptors is also required for the induction of
dendritic NMDA spikes in the cortex (Chalifoux and Carter, 2011). Thus, also dendritic spikes and
supralinear dendritic integration in the hippocampus could depend on the recruitment of
extrasynaptic NMDA receptors.

4.3 SPINE SIZE REGULATES MODE OF INTEGRATION IN DENDRITES

If extrasynaptic NMDA receptor recruitment is essential for the induction of dendritic spikes, then
the differential regulation of astrocytic glutamate uptake at small and big spines could influence
the propensity of dendritic spikes in the apical dendrites of CA1 pyramidal cells. Indeed, the
presented data showed that the occurrence of a dendritic spike is more likely when big spines are
stimulated with glutamate from the microiontophoresis pipette (Figure 3.7).

Is the differential glutamate uptake the cause of this effect? It is known that spatially distributed
and subthreshold inputs are summed linearly, while synchronous spatially clustered inputs are
more likely to evoke dendritic spikes in apical oblique or basal dendrites of CA1 PCs (Gasparini
et al,, 2004; Losonczy and Magee, 2006). Notably, spatially clustered inputs do not always evoke
a dendritic spike. It has been shown that asynchronous activation of spatially clustered synapses
with an interstimulus interval of 1-2 ms results in linear summation (Gasparini et al., 2004;
Losonczy and Magee, 2006). Another important determining factor is the location along the
dendritic tree. Proximally located synapses are less likely to evoke dendritic spikes, compared to
distal ones (Branco and Hausser, 2011; Losonczy et al., 2008). However, these findings do not
explain the increased likelihood of dendritic spikes during the activation of big spines. An
important difference between small and big spines is the receptor composition. Small filopodia
spines contain a smaller number of AMPA receptors than bigger mushroom spines (Matsuzaki et
al,, 2001). The depolarization achieved by the same amount of presynaptically released glutamate
would be expected to be smaller. However, their small size increases the impedance and thus,
increases the local depolarization evoked by the same ion influx. It is important to note that the
large impedance will cause a greater difference to the dendritic impedance and will increase the
attenuation of EPSPs when propagating to the dendrite. Next to differences in the spine head size,
differences in the neck length are observes. Smaller spines tend to have a longer, narrow neck
leading to compartmentalization of the spine from the dendrites (Tgnnesen et al., 2014).
Simulations by the authors predict that a decrease in the spine neck will only slightly increase
dendritic EPSPs while it substantially decreases the EPSP in the spine. They have suggested that
the recruitment of voltage-gated channels and NMDA receptors will likely be decreased in large
spines compared to small ones. Induction of dendritic spikes would therefore be less likely.
However, the opposite was observed in my experiments.

This leaves the differential clearance of glutamate by astrocytes as a possible cause. My results
showed, that at big spines the dwell time of glutamate is less tightly regulated by astrocytes
(Figure 3.8) and suggests that the recruitment of peri- and extrasynaptic NMDA receptors could
be selectively increased. Notably, only the size of the initially activated spine was investigated,
while the spatial extent of the ejected glutamate is several micrometers and therefore a cluster of
spines will be stimulated. Several studies have shown that LTP occurs in small dendritic clusters
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(Fuetal, 2012; Makino and Malinow, 2011; Roth et al., 2020; Takahashi et al., 2012) and induces
bigger, mushroom-like spines (Matsuzaki et al., 2004; Nagerl et al., 2004). Thus, it can be assumed
that the cluster of microiontophoretically stimulated spines are similar in size. If small spines are
more tightly enwrapped by astrocytes, this might detain the ejected glutamate, thereby reducing
the number of activated synapses and the recruitment of extrasynaptic receptors required for
spike initiation. It is important to note that glutamate is ejected from a point source with
microiontophoretic stimulation. Glutamate uptake by astrocytes and diffusion will reduce the
amount of glutamate that reaches other spines. Therefore, the effect astrocytic glutamate
clearance has on dendritic integration might be overestimated in these experiments. To gain
additional evidence two-photon uncaging of glutamate would be a good technical approach. This
technique releases glutamate from a chemical cage upon laser excitation and permits a more
spatially precise stimulation of single spines. By two-photon uncaging of glutamate selectively on
small or big spines the likelihood of dendritic spike initiation by activation of either subtype could
be determined more directly. If indeed spine size determines the likelihood of spike initiation it
suggests an interesting possibility of how the proximity of astrocytic processes and glutamate
uptake can influence dendritic computations and neuronal AP output. This hypothesis could be
tested by studying the dendritic spike propensity before and after a partial block of EAATS.
Furthermore, it could be tested whether a partial block of EAATSs can turn a linear integrating
dendrite into a supralinear one with dendritic spikes. To unravel whether indeed the recruitment
of extrasynaptic NMDA receptors is the cause, it could be tested whether selectively blocking the
recruitment of these receptors decreases the probability of inducing dendritic spikes. Such a
block could be, for example, achieved by application of the used-dependent NMDA receptor
blocker MK-801. By slightly elevating the extracellular glutamate concentrations, selectively
extrasynaptic receptors should be recruited and thus, become blocked by MK-801. Then the
dendritic integration of the same dendrite can be studied again to detect changes caused by the
selective block of extrasynaptic receptors.

4.4 DYNAMIC MODULATION OF NMDA RECEPTOR RECRUITMENT

Besides through glutamate uptake, astrocytes can also modulate the recruitment of NMDA
receptors by, for instance, the supply of the NMDA receptor co-agonists D-serine (Henneberger
etal,, 2010). NMDA receptor activation requires the presence of glutamate and a co-agonist, e.g.,
D-serine or glycine (Ascher and Nowak, 1988; Johnson and Ascher, 1987). In combination with
depolarization-induced removal of the magnesium ion from the channel pore, ion in- und efflux
through the receptor can take place (Nowak et al., 1984). Experimental evidence suggests that
the co-agonist binding site is usually not saturated (Henneberger et al., 2010; Papouin et al.,, 2017;
Rasooli-Nejad et al., 2014; Shigetomi et al., 2013b). Accordingly, application of saturating
concentrations of a NMDA receptors co-agonist can be used to maximize NMDA receptor
recruitment. This approach can determine if dynamic modulation by astrocytic D-serine release
is possible. For my thesis, [ investigated the relevance of NMDA receptor recruitment for different
modes of dendritic integration by application of an antagonist and the possibility of maximizing
its recruitment by application of saturating concentrations of D-serine.

4,41 LINEAR INTEGRATION

The importance of NMDA receptor recruitment for linear dendritic integration by prohibiting
sublinearity is known (Cash and Yuste, 1999; Losonczy and Magee, 2006) and preserved using
microiontophoretic stimulation (Figure 3.9). Therefore, the potential modulation of linear
integrating EPSPs by the co-agonist D-serine was explored by recording dendritic integration
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before and after applying a saturating concentration of the co-agonist D-serine. Interestingly, no
significant difference was found between the baseline and D-serine application (Figure 3.9). This
result was particularly surprising since modulation by D-serine at nonlinear integrating
dendrites took place at the subthreshold EPSP before dendritic spikes were evoked (Figure 3.12
C). It can only be speculated about possible reasons: for one, the contribution of NMDA receptors
could be too small to detect a possible modulation by D-serine. However, the average change in
amplitude after NMDA receptor blockade comparing the recordings from linear and supralinear
integrating dendrites suggests otherwise. Another possibility is that the co-agonist binding site
of the recruited NMDA receptors is already saturated under the recording conditions. Either
different receptor pools are recruited during linear and supralinear integration or the
extracellular D-serine concentration differs between them. To investigate this hypothesis a tool
with sufficient spatial resolution would be required to detect local differences in the D-serine
concentration. One approach could be an optical sensor that reports the binding of D-serine in a
concentration-dependent change of its fluorescence intensity or life time. Using this sensor
differences in the concentration could be correlated with distinct modes of integration. However,
to date, no specific optical sensor for D-serine exists.

4.4.2 SUPRALINEAR INTEGRATION

Supralinear integration has been mainly investigated with two-photon uncaging of glutamate at
and electrical stimulation of dendritic spines (Gasparini et al., 2004; Harnett et al., 2012; Losonczy
and Magee, 2006). These experiments have established that NMDA receptors contribute
significantly to the nonlinearity and the input-output relationship of dendrites. However, the
influence of NMDA receptors has not been studied using acute application of an antagonist. Using
microiontophoretic stimulation, the relevance of NMDA receptors in the nonlinear integration of
a single dendrite was investigated in a paired experimental paradigm. Thereby the sensitivity to
and the power of finding possible effects was increased. My results showed that both
subthreshold EPSP and the NMDA receptor component of the dendritic spike were significantly
decreased after acute application of the antagonist APV (Figure 3.10). Moreover, also the
maximum slope of the sodium spikelet was decreased significantly. This is in contrast to earlier,
unpaired observations. Losonczy and Magee (2006) have described only a minor effect of the
NMDA receptor blockade on the number of spines required to evoke a dendritic spike and no
difference in the maximum slope of the sodium component. To exclude that the difference in
NMDA receptor recruitment caused by the different techniques that were used, our collaborators
from the laboratory of Heinz Beck investigated the effect of APV on supralinear dendritic
integration using two-photon uncaging of glutamate. Nicola Masala found that, indeed, the
dendritic spike threshold increases and the slope of the fast and the amplitude of the slow
component decrease after NMDA receptor blockade. Thus, the observed effects are not caused by
different techniques. The increased sensitivity using paired recordings likely underlies the
different results.

What would be the molecular mechanism by which NMDA receptors control the recruitment of
voltage-gated sodium channels (VGSC)? Several possible scenarios might play a role: (1) AMPA
receptors lose their driving force during depolarization (Cook and Johnston, 1999; Gasparini et
al, 2004). Owing to the increased magnitude of the NMDA receptors inward current during
depolarization, their contribution replaces the loss in AMPA conductance during synaptic
activation. This relationship makes NMDA receptor recruitment essential for linear integration
(Cash and Yuste, 1999) and dendritic spike initiation (Gasparini et al, 2004). Accordingly,

104



Discussion

currents through both AMPA and NMDA receptors are recruited to evoke a sufficient
depolarization to recruit VGSC. When NMDA receptors are blocked, a similar local depolarization
for VGSC recruitment is required. Thus, the activation of a higher number of spines along a longer
stretch of dendrite would be needed to achieve this. Experimentally, this effect is observed as an
increase in the threshold stimulus. The reduction in AMPA receptor driving force during the
depolarization could therefore also reduce the recruitment of VGSC, evident by the decrease in
the maximum slope of the sodium spikelet. (2) Furthermore, a co-dependence of NMDA receptor
and VGSC recruitment is likely. The current provided by NMDA receptors is essential for the
recruitment of VGSC. In turn, the opening of VGSC will result in an increase of the intracellular
sodium concentration. Yu and Salter (1998) have shown that NMDA receptor currents are
positively modulated by the intracellular sodium concentration. Because of the slow glutamate
unbinding and the increased sodium concentration, the recruitment of NMDA receptors will be
further accelerated. Accordingly, the depolarization will increase and a larger number of VGSC
can be recruited. With NMDA receptors being blocked, this synergy cannot take place and less
VGSC are recruited. (3) The initiation of NMDA spikes in the cortex has been shown to be
increased by the activation of extrasynaptic NMDA receptors (Chalifoux and Carter, 2011). VGSCs
are located on the dendrites (Lorincz and Nusser, 2010). Thus, the co-dependence of VGSCs and
NMDA receptors at extrasynaptic and dendritic sites specifically might be greater. Moreover,
differences in the NMDA receptor subunit composition could be relevant for the recruitment of
VGSCs. However, the role of sublocation-specific and or subunit-specific NMDA receptors
recruitment in mediating supralinear dendritic integration in the hippocampus is unknown. Since
dendritic spike induction is favored at big spines with a less tight regulation of glutamate
clearance, an increased relevance for extrasynaptic NMDA receptors is suggested. Performing
experiments with a selective block of extrasynaptic NMDA receptors, e.g., by a use-dependent
blocker like MK-801, would be necessary to draw any conclusions on the differential contribution
of synaptic and extrasynaptic receptors.

The contribution of subunit-dependent recruitment of NMDA receptors can be examined through
pharmacology. I examined the contribution of GluN2B-containing NMDA receptors in supralinear
dendritic integration. Similar to blockade with APV, an increase in the threshold stimulus and
decreases in sub- and suprathreshold response amplitudes were observed after application of a
specific GluN2B antagonist (Figure 3.11). Interestingly, GluN2B-containing NMDA receptor
blockade did not affect the maximum slope of the fast sodium spikelet. Thus, the recruitment of
GluN2B-containing NMDA receptors is likely not coupled to the recruitment of VGSCs. This result
can be explained by the differences in the biophysical characteristics of NMDA receptor subtypes.
EPSPs evoked by GluNZ2A-containing NMDA receptors have been shown to have a faster
acceleration and decay than the ones evoked by GluN2B-containing receptors (Hansen et al,,
2014; Rauner and Koéhr, 2011). Thus, the slow activation of GluN2B-containing receptors does
not contribute to the depolarization that recruits VGSCs. Notably, not only diheterometic NMDA
receptors are found in the adult hippocampus but also triheteromeric NMDA receptors have been
described to substantially contribute to synaptic transmission (Rauner and Kéhr, 2011; Tovar et
al,, 2013). These receptors are blocked to a similar extent by Ro 25-6981, the antagonist used to
test the contribution of GluN2B-containing NMDA receptors (Hawkins etal,, 1999; Liietal., 2017).
The kinetics of GIuN2A-GIuN2B-GluN1 NMDA receptors are intermediate. The fact that the
maximum slope of the sodium spikelet was uninfluenced by Ro 25-6981, therefore, suggests that
also triheteromeric NMDA receptors are to “slow” to recruit VGSCs. To further study the
relevance of different subunit compositions of NMDA receptors in dendritic integration, the
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selective block of GluNZ2A-containing receptors would be of great interest. However, most
antagonists lack sufficient subunit-selectivity. Nevertheless, the kinetics and my data strongly
support a GluN2A-VGSC interaction, specifically at extrasynaptic locations, in modulating the
maximum slope of dendritic spikes.

Because of the importance of NMDA receptors for supralinear dendritic integration, the possible
modulation through co-agonist binding was investigated. The results showed, that the threshold
for dendritic spike initiation decreased in saturating concentrations of D-serine (Figure 3.12). D-
serine enhanced the maximum slope of the fast and the amplitude of the slow component of
dendritic spikes. In contrast to linearly integrating dendrites, an increase in the amplitude of
subthreshold EPSPs was also observed. These data showed, that the NMDA receptor co-agonist
binding site was not saturated in baseline conditions, as found by others for field EPSPs in acute
slices and in vivo (Henneberger et al., 2010; Papouin et al., 2012, 2017; Robin et al,, 2018).
Furthermore, this result suggests that supralinear dendritic integration in apical oblique
dendrites can be modified by raising the extracellular NMDA receptor co-agonist concentration.
Astrocyticrelease of D-serine could, therefore, decrease the amount of glutamate needed to evoke
dendritic spikes and increase the amplitude of the slow component. Subsequently, astrocytes
could, for instance, control somatic AP firing and modulate the initiation of place fields through
adapting the local dendritic integration.

4.4.3 DENDRITIC PLATEAU POTENTIALS

Besides supralinear dendritic integration in the apical oblique dendrites, nonlinear input
computations have also been described in the apical tuft dendrites of PCs in the dorsal
hippocampus and cortex (Magee and Carruth, 1999; Malik and Johnston, 2017; Pérez-Garci et al,,
2006; Schiller et al., 1997; Takahashi and Magee, 2009; Tsay et al., 2007; Wei et al., 2001). These
dendritic plateau potentials are characterized by an increase in the intracellular calcium
concentration, for which the recruitment of NMDA receptors is essential. Here their presence and
the underlying NMDA receptor recruitment was investigated in the ventral hippocampus. By
using a stimulation protocol similar to Takahashi and Magee (2009), plateau potentials were
evoked with an overall probability of 45 % and during the fifth stimulation train of 80 % (Figure
3.13). The probability of plateau initiation reported for the fifth stimulation train is close to 100
% (Takahashi and Magee, 2009). However, different recording sites (apical trunk dendrite vs.
soma) and thus attenuation or regional differences herein between the ventral and dorsal
hippocampus might be causative for the different plateau initiation probabilities (Malik and
Johnston, 2017). Nevertheless, a similar after depolarization duration and calcium influx were
observed in my recordings compared to published ones (Schiller et al., 1997; Takahashi and
Magee, 2009). Likewise to dendritic spikes at the apical oblique dendrites, a requirement of
NMDA receptor recruitment for plateau potential initiation in the apical tufts has been described
(Schiller et al., 1997; Takahashi and Magee, 2009). The same observation was made in the ventral
hippocampus in the present study. Both, the local calcium response in the tufts as well as the
somatic potential were significantly decreased by NMDA receptors blockade. Furthermore, the
results demonstrated that plateau potential initiation and duration can be modulated through
NMDA receptor co-agonists. The overall probability of dendritic spikes as well as the amplitude,
area and duration of the local calcium response and somatic potential were significantly
increased after application of saturating concentrations of D-serine. This not only shows that the
co-agonist binding site of the NMDA receptors was not saturated but also implies that additional
release of D-serine can enhance the initiation of dendritic plateau potentials.
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On important question is, whether the modulation by NMDA receptor co-agonists takes place in
the stratum radiatum or in the stratum lacunosum moleculare. Increased recruitment of NMDA
receptors in the former would increase the depolarization and will subsequently increase the
somatic potential recorded. Since this depolarization is also required for the successful induction
of dendritic plateau potentials (Larkum et al., 1999; Takahashi and Magee, 2009), an increase in
the probability could likewise underlie an increased NMDA receptor recruitment in the stratum
radiatum. Additionally, an increase in the local calcium response in the apical tuft dendrites was
observed after application of D-serine. One possible explanation is increased recruitment of VGCC
because of the increased depolarization in the stratum radiatum. Another explanation is that the
observed effect was caused by the saturation of the co-agonist binding site of NMDA receptors in
the stratum lacunosum moleculare. To separate the effects on NMDA receptors in the two strata,
dendritic plateau potentials could be evoked by paring somatic depolarization with local
stimulation of the apical tuft dendrites. Under these circumstances, only NMDA receptors in the
stratum moleculare lacunosum should contribute to the effect observed.

4.5 ASTROCYTIC CB1 RECEPTORS ACTIVATION MODULATES DENDRITIC
INTEGRATION VIA THE RELEASE OF NMDA RECEPTOR CO-AGONIST

While exogenous application of saturating concentrations of a co-agonist was used to study a
potential modulation of dendritic integration, to draw a conclusion on the relevance of
endogenous release this needs to be stimulated. It is known that astrocyte calcium signals can
evoke the release of gliotransmitters (Guerra-Gomes et al, 2018). One stimulus for
gliotransmitter release are endocannabinoids. Navarrete and Araque (2008) have shown, for
instance, that application of exogenous and endogenous cannabinoids results in calcium
responses in stratum radiatum astrocytes. This elevation has been mediated through
cannabinoid 1 (CB1) receptors since it has been blocked by the inverse agonist AM251. Robin et
al. (2018) have demonstrated that specifically astrocytic CB1 receptors mediate the increase in
astrocyte calcium. Through the application of exogenous cannabinoids, an increase of the
astrocytic calcium event probability has been observed in wild type mice but not in astrocyte-
specific CB1 receptor knock-out (aCB1KO) mice. Both studies used pressure application of
cannabinoids and studied the response of astrocytes through incubation with Fluo-4-AM, a
membrane permeable calcium dye. Bulk-loading of astrocytes underestimates astrocytic calcium
transients since it only labels approximately 10 % of the cell’s territory with a sufficient dye
concentration (Reeves et al., 2011; Shigetomi et al., 2013a). Combining whole-cell patch clamp
recordings of astrocytes with time-lapse imaging, data from our lab showed that not only the
soma and major branches but also the fine processes, which are in contact with synapses, display
elevations in calcium during bath-application of WIN55,212-2, a specific CB1 receptor agonist
(Figure 1.8). In the presence of the inverse agonist AM251 this effect was absent. Moreover, the
number of astrocytes responding to WIN55,212-2 in presence of AM251 was significantly
decreased.
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It is important to note that the CB1 receptor agonist WIN55,212-2 has been shown to interact
with TRPA1 channels at concentrations used to stimulate astrocytes (10 uM, Koch et al., 2011).
In turn, TRPA1 channels have been shown to mediate the release of D-serine from astrocytes in a
calcium-dependent manner (Shigetomi et al., 2013b). While the experiments in aCB1KO mice
performed by Robin et al. (2018) argue against direct recruitment of TRPA1 channels in evoking
astrocytic calcium transients, an involvement of these channels cannot be excluded completely.
Experiments performed in cultured HEK cells and spinal cord neurons showed that TRPA1
channels can be activated through the Gy subunit of the Mas-related G protein-coupled receptor
A3 and G protein-coupled bile acid receptor 1 (Lieu et al., 2014; Wilson et al., 2011). Thus, a
similar mechanism could also be recruited by CB1 receptors. Experiments performed in the
presence of a specific TRPA1 antagonist might aid to draw a conclusion if such a mechanism can
also be recruited in astrocytes.

Nevertheless, it can be concluded that the application of a CB1 receptor agonist reliably increases
calcium in astrocytes. Furthermore, experiments by Robin et al. (2018) have suggested that
activation of astrocytic CB1 receptors increases the extracellular concentration of D-serine.
Therefore, this signaling cascade was used to determine the effect of endogenously-released co-
agonist on supralinear dendritic integration in the stratum radiatum (Figure 3.14). As in the case
of direct application of D-serine, all parameters used to examine supralinear dendritic integration
were enhanced significantly after application of WIN55,212-2. It is important to note that these
experiments were conducted with a ten-times smaller concentration of WIN55,212-2 and
activation of TRPA1 channels is therefore likely neglectable (Koch et al., 2011).

Previous studies have observed the release of glutamate, ATP and/or D-serine from astrocytes
upon exposure to cannabinoids (Navarrete and Araque, 2008; Rasooli-Nejad et al., 2014; Robin
et al,, 2018). To exclude a contribution of glutamate and/or ATP release, the application of
WINS55,212-2 was repeated in saturating concentrations of D-serine. If other gliotransmitters
than D-serine would be released by the stimulation of CB1 receptors, modulation of dendritic
integration would be expected under these conditions. However, occlusion of the effect was
observed and demonstrated therefore the release of NMDA receptor co-agonist upon CB1
receptor activation. Since microiontophoretic stimulation was used, a co-release of ATP or
glutamate, which might preferentially act on the presynaptic terminal cannot be excluded by
these experiments. Owing to the presence of picrotoxin, a modulation of GABAergic transmission
by postsynaptic P2X receptors can neither be ruled out. The activation of presynaptic mGluRs,
NMDA receptors or adenosine receptors could decrease presynaptic glutamate release and
thereby counteract the increased NMDA receptor recruitment caused by the release of its co-
agonist. However, postsynaptic activation of P2X receptors and subsequent downregulation of
GABA receptors, as described in the neocortex (Rasooli-Nejad et al., 2014), would decrease the
attenuation dendritic spike propagation. Accordingly, supralinear dendritic integration would be
strengthened. An interesting question along this line is how and why astrocytic CB1 receptors
cause the release of varying gliotransmitters. One difference lies in the age of the animals used.
While in the studies that demonstrate glutamate release, juvenile animals (11-18 days old) were
used (Gomez-Gonzalo et al., 2015; Navarrete and Araque, 2008, 2010), Robin et al. (2018) and I
describe the release of D-serine in (young) adult ones (> 21 days old). While this age difference
might seem trivial, morphological maturation of astrocytes continues until the end of the third
postnatal week (Bushong et al., 2004). Thus, the full complexity of the sponge-like astrocytic
morphology might be required to efficiently regulate synaptic transmission by D-serine.
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Furthermore, in the CA1 region an increasing relevance of D-serine in modulating NMDA receptor
recruitment during development has been suggested (Le Bail et al.,, 2015). Hence, developmental
regulation of the released gliotransmitter in response to CB1 receptor activation could be a likely
explanation. Another difference is the incomparable NDMA receptor recruitment between the
studies. Navarrete and Araque (2008, 2010) recorded the frequency of slow inward currents as
a read-out for astrocytic glutamate release. To maximize the frequency of these currents, the
NMDA receptor co-agonist binding site is often saturated and/or the magnesium concentration
reduced to 0 mM (Fellin et al., 2004). Especially the former would occlude any effect of astrocytic
released D-serine. Notably, some studies have examined the identity of the released
gliotransmitters in response to CB1 receptor activation more directly. Through capillary
electrophoresis in the extracellular solution, Robin et al. (2018) have detected an overall increase
in the D-serine concentration but not in the glutamate concentration. However, a local short-
lasting co-release of glutamate and D-serine cannot be excluded because of the low spatial
resolution and sensitivity of the method. Rasooli-Nejad et al. (2014) have employed
microelectrode sensors for ATP and D-serine and have found an increase in both gliotransmitters
in response to astrocytic CB1 receptor activation. It is important to note, that these experiments
have been conducted in the neocortex and not in the hippocampus. Thus, regional differences in
gliotransmitter identity could be possible, too. To unravel the mystery of the gliotransmitter
identity released in response to the activation of astrocytic CB1 receptors a spatially-precise,
sensitive method would be needed. For instance, optical sensors would be a suitable technique
to examine the locally released compounds from astrocytes. While these do exist for glutamate
and ATP, an optical D-serine sensor is not yet available.

4.6 NEURONAL ACTIVITY RECRUITS THE RELEASE OF D-SERINE FROM ASTROCYTES
AND THEREBY MODULATES DENDRITIC INTEGRATION

The next question of my thesis addressed the situations in which astrocytic CB1 receptor
activation could occur in vivo. The release of endocannabinoids has been shown to depend on
neuronal depolarization and an increase in neuronal calcium (Ohno-Shosaku et al, 2001).
Likewise, astrocytic calcium elevations can be evoked through neuronal depolarization and
endocannabinoids (Navarrete and Araque, 2008). In addition to an increase in depolarization-
induced suppression of inhibition (DSI), the authors have observed an increase in astrocytic
calcium transient probability with increasing duration of neuronal depolarization. Therefore, the
effect of neuronal depolarization on dendritic integration was investigated (Figure 3.15).
Surprisingly, instead of an increase in the amplitude of the slow component of the dendritic spike,
a decrease was observed. This effect was specific for the amplitude of dendritic spikes as no
change was detected for their maximum slope or the amplitude of subthreshold EPSPs.
Differential recruitment of NMDA receptors, because of the prolonged somatic depolarization, is
therefore a likely explanation. The injection of somatic current caused the induction of somatic
APs, which backpropagate into the dendrites (Inoue et al.,, 2001; Spruston et al., 1995). In the
dendrites, this will cause the activation of voltage-gated calcium channels (VGCC). The resulting
calcium influx in turn can recruit calcium-activated potassium channels (Jones and Stuart, 2013;
Marrion and Tavalin, 1998). Two subtypes of these channels are distinguished by their
differential conductance: small potassium conductance channels (SK channels) and big
potassium conductance channels (BK channels). BK channels mediate the fast
afterhyperpolarization of APs, while the slow afterhyperpolarization evoked by AP bursts is
mediated by SK channels (Marrion and Tavalin, 1998). Since the effect on the amplitude was
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observed several seconds after the depolarization, a contribution of SK channels is more likely.
SK channels have been shown to be functionally coupled to NMDA receptors (Ngo-Anh et al,,
2005). Thus, their activation by the somatic depolarization could reduce the current evoked by
NMDA-receptor activation. It is also important to note that the probability to observe astrocytic
recruitment by neuronal depolarization is considerably lower than with the application of an
exogenous agonist application, namely 30 % vs. 80 % (Navarrete and Araque, 2008). Accordingly,
even if endocannabinoid mobilization is successfully evoked, a larger heterogeneity and/or
smaller effect size can be expected with this method. Independent of the mechanism, the
conclusion that the depolarization and AP firing of a single neuron is not able to modulate
supralinear dendritic integration can be drawn.

To increase the recruitment of endocannabinoid production and mobilization while avoiding
strong depolarization of the whole-cell patch clamped neuron, an ensemble of CA1 PCs was
recruited by retrograde activation. Through precise incisions, a solely axonal response could be
evoked by electrical stimulation of the alveus (Figure 3.16). This experimental setup recruited AP
firing in 20-80 % of the investigated CA1 PCs. Importantly, also 70 % of the astrocytes responded
with an increase in intracellular calcium (Figure 3.17). The increase in calcium was evoked
through CB1 receptors since the change in the fluorescence ratio was significantly smaller in the
presence of the inverse agonist AM251. Thus, the recruitment of CA1 PCs through retrograde
stimulation in the alveus could potentially modulate dendritic integration through astrocytic
release of D-serine. Since it has been described in the literature that DSI and hence, the production
and mobilization of endocannabinoids depends on the frequency and number of APs (Fortin et
al, 2004), different frequencies of neuronal firing that mimic behavior-associated rhythmic
activity observed in the hippocampus (see section 1.1.3, for detailed information on the
associated behaviors) were investigated for their impact on dendritic integration (Figure 3.18).
Noteworthy, stimulation of the alveus evoked reliable AP recruitment in CA1 PCs across the used
frequencies (Figure 3.17).

Stimulation with a low frequency (4 Hz) had no effect on supralinear dendritic integration. Likely,
evoking 4 APs did not recruit sufficient endocannabinoid release, if any at all. But stimulation
with a frequency of 20 Hz, which is commonly used to induce DSI, resulted in a significant
enhancement of supralinear dendritic integration. In contrast to DSI, a further increase in the
frequency and AP number by stimulating the alveus at 40 Hz, did not yield any effect on
supralinear dendritic integration. Surprisingly, repetitive stimulation with 10 Hz for one second
was not only sufficient to promote supralinear dendritic integration but also the most potent.
This result was unexpected since DSI induced with APs at this frequency has been found to evoke
only submaximal effects (Fortin et al., 2004). Notably, the observed effect only lasted for a short
time (Table 2 A). These experiments suggest not only a differential efficiency of cell-type-
dependent endocannabinoid signaling at distinct frequencies but show that supralinear dendritic
integration can be regulated by a stimulation frequency that mimics theta oscillations.
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Through a range of pharmacological interventions, it was determined that the modulation of the
integration required CB1 receptors and the release of the NMDA receptor co-agonist. Both the
inverse CB1 receptor agonist AM251 (Table 2 B) as well as saturating concentrations of the NMDA
receptor co-agonist D-serine (Table 2 C) occluded the earlier observed effects on supralinear
dendritic integration. Importantly, incubating the hippocampal slices in and recording the
dendritic integration in the presence of the D-serine degrading enzyme D-amino acid oxidase
(DAAO) prohibited the alveus stimulation-induced modulation of dendritic integration (Table 2
D). Thus, suggesting that the released co-agonist is D-serine instead of glycine.

Taken together, the collected data uncovered a frequency-dependent modulation of supralinear
dendritic integration linking AP firing, CB1 receptor activation and the release of the NMDA
receptor co-agonist D-serine. Recruitment of CA1 PCs with a stimulus in the theta frequency band
yielded the strongest modulation of the integration, suggesting an interesting link of this signaling
cascade to behavior. Not only can the resonance frequency of CA1 PCs be found in the theta
frequency band, but also is an increase in theta oscillations commonly observed during
exploration (Vanderwolf, 1969). Theta oscillations are thought to put the hippocamps in general
into an active state that primes the network for learning and memory (Buzsaki, 2002). For
instance, the encoding and remapping of spatial information depend on the AP timing relative to
these oscillations (Lever et al., 2010; O’Keefe and Recce, 1993). Thus, this previously unknown
feedback loop could have an important role in spatial learning and memory.

4.7 ASTROCYTIC CB1 RECEPTORS ARE REQUIRED FOR THE AMPLIFICATION OF
DENDRITIC INTEGRATION BY D-SERINE

Itis important to note that CB1 receptors are expressed not only by astrocytes but also, to an even
bigger extent, by inhibitory and excitatory neurons (Marsicano and Lutz, 1999; Navarrete and
Araque, 2008). To establish the importance of specifically astrocytic CB1 receptors in the
uncovered signaling cascade, an inducible astrocyte-specific knock-out mouse line was used
(Figure 3.21). The use of a GLAST-dependent cre driver line yielded a high efficacy and specificity
in targeting astrocytes. But by the expression of tdTomato after tamoxifen injection,
recombination was also identified in a subset of cells with unknown origin. Staining with a
neuron-specific antibody against NeuN showed expression of tdTomato in a neglectable number
of neurons, suggesting a glial origin of the unknown cells. It is important to note that not all
astrocytes are stained with a GFAP-targeting antibody (Walz and Lang, 1998) and the possibility
that these cells are also astrocytes does exist. Morphologically, most of these GFAP/NeuN-
negative but tdTomato-positive cells displayed a small soma (small diameter of Hoechst staining
and tdTomato expression) and very few visible processes. Because of their distinct location, a
subset of these cells could be pericytes, lining small capillary vessels. In line with this, a pericyte
subpopulation in the spinal cord is known to express GLAST (Goritz et al, 2011). Another
possibility is that these cells are intermediate progenitor cells. The creators of the mouse line
have identified GLAST-positive, GFAP-negative cells with a small soma to be CC1- and NG2- or
Sox10-positive (Mori et al., 2006). Nevertheless, since the neuronal CB1 receptor expression
should be uninfluenced while the expression in astrocytes should be substantially reduced, these
mice are suitable to investigate the relevance of astrocytic CB1 receptors in supralinear dendritic
integration. It is important to note, that astrocytes from this mouse line display a heterozygous
knock-out of the GLAST that could cause altered glutamate clearance. Although glutamate
clearance in adult rodents is mostly mediated by GLT1 (Rose et al., 2018), basic cell properties of
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wild type, sham-injected control and aCB1KO mice were compared. This analysis revealed an
increased excitability of CA1 PCs through a decrease in the AP threshold in both sham-injected
and aCB1KO mice (Table 3) and affirming the importance of a sham-inject control group with the
same genetic background as CB1KO mice.

Having confirmed the specificity and efficacy of aCB1KO mice, the effect of 10 Hz stimulation on
supralinear dendritic integration was compared between wild type, sham-injected control and
aCB1KO mice. In both control mice groups, the earlier in rats observed effect was preserved
(Figure 3.22). The stimulation of the alveus resulted in a significant decrease in the threshold
stimulus and an increase in the amplitude of the subthreshold EPSP and NMDA receptor
component of the dendritic spike. Also, an increase in the maximum slope of the fast sodium
component was observed. Importantly, no significant difference between both control groups
was found for either parameter. In aCB1KO mice, however, none of these parameters was
influenced by the retrograde activation of CA1 PCs. Moreover, the effect of 10 Hz alveus
stimulation on these parameters was significantly smaller comparing aCB1KO to wild type and
sham-inject control mice. On the one hand, these results demonstrate that the heterozygous
GLAST knock-out does not affect the coupling of CA1 PC activity to the release of D-serine. On the
other hand, these experiments prove that specifically astrocytic CB1 receptors are crucial for the
positive modulation of supralinear dendritic integration by alveus stimulation.

4.8 MECHANISM UNDERLYING THE FREQUENCY-DEPENDENCY OF THE FEEDBACK
LooP

Since endocannabinoid-mediated DSI is stronger at higher frequencies (Fortin et al., 2004), the
surprising result, that AP firing at a frequency of 40 Hz did not influence supralinear dendritic
integration (Figure 3.18) raised the question concerning the origin of this effect. Experiments
showed that astrocytes sense the difference in frequency, since both, the calcium transient
frequency and the integral, were selectively increased during 10 Hz stimulation but not during
40 Hz stimulation (Figure 3.19). Thus, the different signaling of both stimulation paradigms must
take place upstream of the increase in astrocytic calcium and suggests, for instance, a frequency-
dependent mobilization of endocannabinoids at distinct subcellular locations. Because of their
lipophilic structure, endocannabinoids are required to be produced and mobilized locally
(Chevaleyre and Castillo, 2003; Di Marzo et al,, 1998). Since mGluR-independent DSI has been
observed mainly for (peri)somatic inputs (Lee et al.,, 2010; Younts et al., 2013), endocannabinoid
mobilization would only be required there. However, to activate astrocytes in the stratum
radiatum, also production and mobilization of endocannabinoids locally in the apical oblique
dendrites is required. This means that APs need to backpropagate into the dendritic tree and
there evoke a sufficient increase in the depolarization or influx of calcium to induce the
production of endocannabinoids. Backpropagation of APs is regulated by many different voltage-
dependent channels and receptors expressed in distinct density and subtypes with increasing
distance to the soma (Hoffman et al., 1997; Lorincz and Nusser, 2010; Magee and Johnston, 1995).
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An interesting candidate for modulating the frequency dependency are hyperpolarization-
activated cation-nonselective (HCN) channels. HCN channels and the related current (In)
influence many computational functions of neurons. For instance, they participate in establishing
the resonance frequency of CA1 PCs (Hu et al., 2002; Hutcheon and Yarom, 2000; Nolan et al,,
2004). The resonance frequency is the input frequency that yields the maximum response
amplitude. In CA1 PCs it is within theta frequency range. Since 10 Hz stimulation of the alveus
mimics a theta rhythm, an involvement of these channels in modulating the frequency-
dependency was investigated. It is important to note that HCN channels are controlling the
resting membrane potential and membrane resistance (Pape, 1996). In the presented
experiments, a reduction of approximately 5 mV for the resting membrane potential with
application of ZD7288, an HCN channel blocker, was observed. These findings are in line with
studies using HCN knock-out mice or pharmacological blockade (Dougherty et al., 2013; Nolan et
al, 2004). Interestingly, the effect of 10 Hz alveus stimulation on dendritic integration in the
presence of an HCN channel blocker was occluded (Figure 3.20). The blockade of HCN channels
will change the membrane resistance (Pape, 1996) and will influence the integration directly by
increasing the amplitude and duration of EPSPs (Magee, 1998, 1999). When HCN channels are
blocked, an enhanced recruitment of calcium influx through VGCCs during dendritic spikes in the
apical tuft dendrites of CA1 PCs has been described (Tsay et al., 2007). Therefore, it needs to be
excluded that the occlusion of the effect was not caused by an already maximal NMDA receptor
recruitment under the experimental conditions. To exclude such a ceiling effect, the CB1 receptor
agonist WIN55,212-2 was applied in the presence of ZD7288. The results showed that the effect
of exogeneous cannabinoid application is preserved in these conditions. Thus, a decrease in the
threshold and increase in the amplitude and maximum slope of dendritic spikes can be evoked
even when HCN channels are blocked. Since 10 Hz stimulation of the alveus did not, it suggests
that this channel blockade interferes with the production or mobilization of endocannabinoids or
downstream effectors.

What could be the possible underlying molecular or computational mechanism regulating the
occlusion effect that is induced by HCN channels blockade? HCN channels do not only modulate
the resonance frequency of synaptic input, but also somatic current injections, which propagate
into the apical dendrites, display resonance (Hu et al., 2009). Using a combination of somatic and
dendritic patch clamp recordings, the authors have shown that at resting membrane potentials
the resonance strength is larger in the dendrites than at the soma. This difference was abolished
by application of ZD7288. The increase in HCN channel density with increasing distance from the
soma is through to underly this phenomenon (Magee, 1998). Accordingly, the HCN channel-
dependent regulation of the resonance frequency could underly the frequency-dependency of the
coupling between neuronal activity and astrocytic calcium transients. Nevertheless, it would be
important to computational model the backpropagation of APs evoked in different frequencies
into the apical dendritic tree in dependence of [,. Moreover, recording the local dendritic calcium
responses to alveus stimulation at 10 and 40 Hz or in relation to HCN channel blockade by using
two-photon excitation microscopy and a calcium sensitive dye could further advance our
understanding of the underlying signaling cascade.

Another important point to consider is the extent of the dendritic depolarization and calcium
influx evoked by the somatic activity. The evoked potentials in CA1 PCs display a decrease of the
amplitude and an increase in latency with increasing distance from the soma (Inoue et al., 2001;
Spruston et al,, 1995). Nevertheless, APs reliably propagate into second-order basal and apical
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oblique dendrites (Antic, 2003). A similar attenuation is observed for calcium transients.
Modeling suggests that [, modulates the attenuation of somatic potentials (Hu et al., 2009). At
depolarized membrane potentials (- 60 mV) a removal of I, resulted in an increased attenuation
of somatic subthreshold inputs with a frequency of 10 Hz or more. Thus, an increased attenuation
of the somatic APs propagating into the apical oblique dendrites could participate in the occlusion
that was observed experimentally. Notably, a reduced attenuation has been described for brief
high frequency trains of APs (Spruston et al., 1995; Williams and Stuart, 2000). Also, DSI and the
mobilization of endocannabinoids can be induced by short AP bursts (Fortin et al., 2004). Thus,
short bursts of APs might also recruit astrocytic calcium increases and subsequent release of D-
serine. However, this hypothesis requires experimental testing.

Noteworthy, experimental confounders could play a role in the occlusion. For instance, the
7ZD7288-induced hyperpolarization was compensated by a constant somatic current injection.
While this efficiently depolarizes the somatic membrane potential, the efficacy on the potential in
the distant apical oblique dendrites is questionable. A hyperpolarized dendritic membrane
potential would certainly reduce the depolarization and calcium influx evoked by the stimulation
of the alveus, independent of the frequency. Hence, the production and mobilization could be
reduced, which would cause an occlusion as well. Since experimentally this cannot be controlled,
it emphasizes the advantage and need of using a computational model to draw a conclusion on
the underlying mechanism regulating the frequency dependency of the uncovered feedback loop.

4.9 CA1 MICROCIRCUIT — THE FEEDBACK LOOP AS PART OF A NETWORK

The antidromic stimulation of CA1l PCs results in the production and mobilization of
endocannabinoids likely in the stratum radiatum. Here, CB1 receptors are activated, which will
cause an increase in astrocytic calcium and the release of D-serine. Subsequently, D-serine will
maximize NMDA receptor recruitment and thus, increase the likelihood and extent of supralinear
dendritic integration. However, the CA1 microcircuit also contains other neurons that were so far
not considered in this feedback loop.

49,1 AXONAL RECRUITMENT OF OTHER NEURONS BY ALVEUS STIMULATION

Interneurons can, for instance, like CA1 PCs produce and mobilize endocannabinoids. Since some
interneuron axons are located in the alveus, the used stimulation paradigm would recruit
depolarization in these cells. Owing to the presence of a GABA4 receptor blocker, direct electrical
signaling from these interneurons could not influence the recorded dendritic integration.
Nevertheless, interneurons could participate in the endocannabinoid mobilization. It is important
to note that interneurons also express HCN channels (Hughes et al., 2013; Lupica et al., 2001;
Maccaferri and McBain, 1996; Santoro et al., 2000; Sekuli¢ et al., 2015). Thus, the experimental
blockade of HCN channels would have likewise targeted interneurons. To exclude their
participation, a cell-type specific activation would be required. For example, the expression of
ChR2, a light-gated nonspecific cation channel could be induced selectively in (a subset of) CA1
PCs. Thus, recruitment of specifically these cells could be evoked by small laser pulses. If the
positive modulation on the supralinear dendritic integration is preserved under these
experimental conditions, a participation of interneuron through direct electrical stimulation of
their axons can be excluded.
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Alveus stimulation may also recruit fibers from the medial septum. Papouin et al. (2017) found a
strong relationship between neuronal activity, theta oscillations and the release of D-serine,
similar to the one presented. However, while they have observed a regulation by nicotinic AChRs,
our data suggest a dependence on CB1 receptors. Importantly, in our experiments, an inverse CB1
receptor agonist abolished the astrocytic calcium increase and the modulation on the dendritic
integration. Furthermore, in aCB1KO mice an enhancement of supralinear dendritic integration
by alveus stimulation was not possible. Thus, a functional relevance of cholinergic modulation
can be excluded. Nevertheless, it is an interesting question of how these two different
mechanisms in the same microcircuit fit together? Papouin et al. (2017) have found a gradual
increase in the overall D-serine concentration during the dark/active phase and a gradual
decrease during the light/sleep phase. While the decrease has occurred within one to two hours,
the observed increase has been even slower and highly dependent on the animal’s locomotor
activity. Contrastingly, the mechanism described here suggests a fast (within seconds), short-
lasting (couple of minutes) increase in D-serine. The release of D-serine can be recruited through
local activity and directly influence the local dendritic integration. This is in line, with the known
lipophilic structure of endocannabinoids, not allowing long-distance diffusion. So overall, the
medial septum may regulate circadian fluctuations, while the newly discovered feedback loop
provides an acute short-term release of D-serine.

4.9.2 INTERNEURON MODULATION OF THE SIGNALING CASCADE

But even without direct electrical stimulation, CA1 PC AP firing will recruit certain interneurons
that can change the functional output of the microcircuit (Megias et al., 2001) and thus, the impact
the presented feedback loop has in vivo. It is important to note that all experiments were
conducted in the presence of a GABA, receptor blocker. Therefore, it can only be speculated on
the influence of interneurons.

Apical oblique dendrites in the stratum radiatum are mainly targeted by two types of GABAergic
interneurons, bistratified and ivy cells (Freund and Buzsaki, 1996; Klausberger, 2009). They form
synapses at the end or origin of dendrites depending on the distance to the soma (Bloss et al,,
2016), thereby suppressing either spike initiation or spike propagation, respectively (Gidon and
Segev, 2012). These interneurons are capable of inhibiting neuronal output evoked through
dendritic spikes (Lovett-Barron et al., 2012; Miiller et al., 2012). Repetitive activation of the
alveus recruits both somatic and apical dendritic inhibition in a phase-dependent manner
(Pouille and Scanziani, 2004). It has been shown that especially activity in the theta frequency
band results in a higher probability of weak dendritic spikes to evoke somatic APs (Miiller et al,,
2012). Of note, strong dendritic spikes can propagate towards the soma albeit inhibition. An
increase in excitation, as provided by D-serine release from astrocytes, could further aid to
overcome inhibition (Vu and Krasne, 1992). Additionally, the mobilization of endocannabinoids
will also decrease the impact of inhibition (Bezaire and Soltesz, 2013; Freund and Buzsaki, 1996;
Marsicano and Lutz, 1999). Since endocannabinoid-dependent suppression of inhibition is
mainly observed for perisomatic synapses (Lee et al., 2010), an increase of spike initiation and
propagation would be expected. Thus, the AP firing evoked by dendritic spikes would be
increased or a switch in firing mode would be initiated (Lovett-Barron et al., 2012) during the
recruitment of the uncovered feedback loop.
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In addition, AP in CA1 PCs will activate feedback inhibition and recruit oriens lacunosum-
moleculare (OLM) interneurons that in turn innervate the apical tuft dendrites (Freund and
Buzsaki, 1996; Klausberger, 2009). By forming synapses at the end of the dendrites (Bloss et al.,
2016), they are highly effective in suppressing dendritic spike initiation (Gidon and Segev, 2012;
Lovett-Barron et al,, 2012). Interestingly, OLM cells fire predominantly during the trough of a
theta waveform when CA1 PCs are most active as well (Klausberger et al., 2003). Consequently,
dendritic plateaus potential initiation would be more likely at the peak and hence, increase the
likelihood of synaptic potentiation (Hyman et al., 2003).

Next to local inhibition, also long-range inhibition from the entorhinal cortex modulates the
computations of the CA1 microcircuit (Melzer et al., 2012). These fibers have been shown to
suppress the activation of cholecystokinin (CCK)-positive interneurons recruited by Schaffer
collateral activation, thereby reducing the inhibition of OLM cells (Basu et al., 2013, 2016). A
precise pairing of inputs from the Schaffer collaterals and the perforant path allows initiation and
propagation of dendritic plateau potentials in the apical tuft dendrites (Basu et al,, 2016) and
thereby enabling place cell formation (Bittner et al.,, 2015). How would these interneurons be
recruited during activity in the theta frequency band that is necessary for activation of the
presented feedback loop? It has been shown that CCK-positive interneurons fire at the ascending
phase during theta oscillations (Klausberger et al., 2005) and hence disinhibit OLM interneuron
output. This would permit dendritic plateau potential initiation in the apical tuft dendrite and will
cause an increase of CA1 PC firing. Usually, burst-like firing of CA1 PCs with up to 20 Hz is
observed within a place field (O’Keefe, 1976; O’Keefe and Recce, 1993). Consequently, D-serine
release from astrocytes will be activated, enhancing dendritic spike initiation in the apical oblique
dendrites. Possibly, this promotes the precise pairing between inputs from both pathways further
enhancing plateau propagation. Notably, CCK-positive neurons express CB1 receptors (Katona et
al,, 1999; Marsicano and Lutz, 1999) that could suppress disinhibition during the trough of the
theta cycle caused by post-synaptic OLM cell activity. Whether astrocytic D-serine release from
stratum lacunosum moleculare astrocytes is recruited during repetitive activation of CA1 PCs was
not determined by my experiments. However, theoretically, APs backpropagate into the tuft
dendrites (Spruston et al., 1995; Williams and Stuart, 2000) and consequently a frequency-
dependent release of co-agonists from astrocytes could be possible. But the depolarization is
strongly attenuated during the propagation. To yield a better recruitment of endocannabinoid
mobilization repetitive, short, high frequency bursts might be more potent since these are less
attenuated. Thus, determining the influence of high frequency AP bursts on supralinear dendritic
integration and the initiation of dendritic plateau potential could provide important evidence
supporting such mechanisms.

4.10 RELEVANCE OF DENDRITIC INTEGRATION FOR SPATIAL LEARNING IN THE CA1
MICROCIRCUIT

Many of the studies investigating dendritic integration have been performed in slice preparation.
This makes a tight control of the extracellular environment possible and intrinsic synaptic
activation is absent. The different physiological environment in vivo will, however, influence the
integrative properties of dendrites through fluctuations of ion, neurotransmitter and
neuromodulator concentrations (Palmer et al., 2016). For instance, the constant synaptic input,
which is present in vivo, has been described to influence the membrane potential (Vw), the
membrane resistance (Rn) and membrane time constant (tm; Paré et al.,, 1998; Steriade et al,,
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2001). Nevertheless, similar dendritic properties in vitro and vivo have been observed (Larkum
and Zhu, 2002; Waters et al, 2003). Importantly, also clustered input patters and clustered
functional recruitment of synapses have been described in the cortex (Dombeck et al., 2009; Fu
etal, 2012; Jia et al,, 2010; Kerlin et al., 2019; Roth et al,, 2020; Takahashi et al., 2012; Wilson et
al, 2016; Winnubst et al,, 2015) and hippocampus (Bloss et al., 2018; Kleindienst et al., 2011;
Takahashi et al., 2012). In line with these findings, dendrites in vivo show different forms of
dendritic integration, like sublinear, linear and supralinear input summations, and dendritic
spikes or plateau potentials (Cichon and Gan, 2015; Grienberger et al., 2014; Lavzin et al,, 2012;
Léger et al,, 2005; Longordo et al., 2013; Palmer et al.,, 2014; Xu et al,, 2012). But what is the
function of supralinear dendritic integration in relation to behavior? Dendritic spikes and
plateaus have been shown to increase AP output in vivo (Bittner et al., 2015; Grienberger et al,,
2014; Lavzin etal, 2012; Palmer et al,, 2014; Smith et al., 2013). Specifically, in CA1 PCs, dendritic
integration has been shown to regulate spatial information processing. During exploration of a
novel environment, place cell formation in the CA1 area of the hippocampus is taking place
(O’Keefe, 1976), a process linked to dendritic spikes and plateau potentials (Bittner et al.,, 2015;
Sheffield et al., 2017). But also existing place cells show regenerative dendritic events with a
varying prevalence that allowed the experimenters to predicted changes in the place field, like
their spatial precision, persistence of disappearance (Sheffield and Dombeck, 2015; Sheffield et
al,, 2017). Changes in the environment, e.g., displacement or introduction of objects, will result in
increased exploration and reorganization of these place fields (Deshmukh and Knierim, 2013;
Lenck-Santini et al., 2005; Manns and Eichenbaum, 2009; 0’Keefe and Nadel, 1978). The related
changes in synaptic efficacy and place cell formation required NMDA receptor function (Morris
etal, 1986; Sheffield et al., 2017). Furthermore, theta oscillations are commonly observed during
exploration (Vanderwolf, 1969) and depending on the theta phase the likelihood of LTP and place
cell induction is changed (Bittner et al., 2015; Huerta and Lisman, 1996). Thus, the positive
modulation of the supralinear dendritic integration by the astrocytic release of D-serine with its
dependency on theta-like activity could strongly modulate place cell formation and refinement as
well as spatial learning and memory in general.

4.10.1 ASTROCYTIC CB1 RECEPTORS MODULATE SPATIAL LEARNING AND MEMORY

Slice experiments showed that this signaling cascade is disrupted in aCB1KO mice, therefore,
their spatial learning abilities were investigated. Of note, these mice have a heterozygous knock-
out of GLAST (owing to the GLAST-creERT?2 lines) that has been shown to not cause behavioral
phenotypes (Karlsson et al., 2009). Likewise, comparing sham-injected control mice to aCB1KO
littermates did not reveal changes in general locomotor or anxiety-related behavior phenotype
(Figure 3.23).

Interestingly, an impairment of long-term object memory was observed comparing sham-inject
control mice to aCB1KO ones during the object location task (OLT) and novel object recognition
task (NORT; Figure 3.25). A similar result concerning novel object recognition memory was found
by Robin et al. (2018) using a slightly different experimental setup and a different cre line to
induce the astrocyte-specific knock-out of the CB1 receptor. However, the novel object
recognition task (NORT) does not only rely on the hippocampus but also on several other
(neo)cortical areas (Antunes and Biala, 2012; Barker and Warburton, 2011). But the object
location task (OLT) has been shown to be specific for the CA1 region of the hippocampus (Assini
et al.,, 2009; Barker and Warburton, 2011). Assuming a common underlying mechanism in the
impairment of object memory, alterations in the CA1 microcircuit could underly the observed
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impairment. Moreover, Robin et al. (2018) have investigated the particular relevance of this area
by using a virus-injection-induced cell-type specific knock-out of astrocytic CB1 receptors and
have found a similar effect. It is important to consider that the mice used in my thesis displayed
differences in the object exploration time. While this did not reach significance during the NORT,
a positive relationship between object exploration time and discrimination index (DI) was found.
Thus, the result might be confounded by a decreased object interest during the recognition
memory test. The ORT revealed no relationship between the exploration time during acquisition
and DI after a 24-hour delay. Interestingly, Robin et al. (2018) have conducted experiments in
which the memory performance of aCB1KO mice was rescued by an administration of D-serine
before the acquisition of the object memory. In conclusion, these results illustrate the importance
of astrocytic D-serine release in response of CB1 receptor activation in the acquisition of object-
related long-term memory.

The molecular mechanism underlying object memory is still under debate. It has been described
that specifically the place cells in CA1 are important to represent novelty by an increase in their
firing rate (Larkin et al., 2014). NMDA receptors and the level of co-agonist appear to have a
diverse, bidirectional role in this. While some studies describe a positive relationship between
NMDA receptor recruitment and object location memory formation (Guercio et al., 2014; Yamada
et al,, 2017), others describe a negative (Howland and Cazakoff, 2010; Migues et al., 2019).
Specifically, blockade of GluN2B-containing NMDA receptors has been shown to increase the
duration of memory in these tasks. This suggests a tight bidirectional regulation of object memory
by both, long-term potentiation (LTP) and depression (LTD). In line with this hypothesis is the
postulation that encoding of space itself requires LTP, while spatial features as objects and their
visual recognition are encoded by LTD (Dong et al.,, 2012; Goh and Manahan-Vaughan, 2013; Goh
and Manahan-Vaughan, 2013, 2015; Griffiths et al.,, 2008; Kemp and Manahan-Vaughan, 2004).
An impairment of LTP in aCB1KO mice has been shown in vivo (Robin et al.,, 2018); however,
whether LTD is affected too remains unknown. Unraveling the role of dendritic spikes, LTP, LTD
and NMDA receptor co-agonist levels during the encoding of object location and novel object
recognition memory requires more investigation. Cannabinoids in general have been shown to
have opposing effects in object memory depending on the timing at which they are administrated
(for review see Chesworth et al., 2018). Especially, when cognitive functions are dysregulated in
pathologies, various effects have been observed after CB1 receptor activation. The uncovered
feedback loop that links network activity in the theta frequency band and endocannabinoids to
the release of astrocytic D-serine and subsequent modulation of specifically supralinear dendritic
integration and the initiation of dendritic spikes provides another essential puzzle piece to
unravel the multidimensional regulations of object memory by endocannabinoids. Knowing
mechanisms that cause the release of endocannabinoids under physiological activity patterns,
their consequences and the impact on signal integration aids to understand the functional
regulations within the microcircuit and its output.

4.10.2 AVERSIVE SPATIAL REVERSAL LEARNING REQUIRES ASTROCYTIC CB1 RECEPTORS

Place cells are not only important for object memory but also encode information about the
location of an aversive stimulus (Okada et al., 2017). For the encoding of aversive memory, the
ventral hippocampus is recruited, in which the here presented slice experiments were performed.
Thus, aCB1KO and sham-injected control mice were subjected to a passive place avoidance task.
This task has been shown to rely on several cortical and limbic brain areas, with different
contribution to learning, retention memory and reversal learning (Cimadevilla et al., 2000;
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D’Hooge and De Deyn, 2001; Lénard and Kertes, 2002; Vafaei and Rashidy-Pour, 2004). The
aversion of a stimulus will increase the emotional value of its location, and thus, the ventral
hippocampus should play a central role during the task (Fanselow and Dong, 2010). To decrease
animal suffering, an air puff was used as an aversive stimulus as opposed to many other studies,
which have been using a food shock. It has been shown that an air puff can be used in fear-related
behavior tasks without affecting aversive learning (Moriarty et al., 2012).

During the habituation to the circular arena, mice of both groups displayed similar exploratory
behavior (Figure 3.26). Likewise, aCB1KO mice displayed normal passive avoidance behavior
after introduction of the air puff as compared to sham-injected controls. Locomotion behavior,
velocity and avoidance of the air puff location showed no differences during the first days of the
task. While this might seem in contrast to the results obtained with the object tasks, it is important
to note that the presence of the aversive stimulus will lead to the recruitment of other brain
regions that could compensate for the earlier observed effect. In addition, no differences in
retention memory after removal of the air puff was detected. Surprisingly, a specific alteration
was discovered on the last day of the test, where the air puff is relocated to the opposite side of
the maze. This so-called reversal learning is often linked to memory flexibility (Izquierdo et al,,
2017; Klanker et al., 2013; Rubin et al,, 2014). While the nature of the aversive stimulus is known,
the previous memory needs to be “transferred” to a new location in space to avoid punishment.
While many studies focus on monoaminergic regulation in the prefrontal and orbitofrontal cortex
as well as the amygdala (for review see Izquierdo et al, 2017; Klanker et al., 2013), the
hippocampus has also been implicated to contribute to specifically spatial reversal learning
(Mahut, 1971). Treatments or modifications resulting in reduced spatial reversal abilities often
coincidence with a decreased “extinction” of the previous location (Gajardo et al., 2018; Russig et
al, 2003). However, the results revealed a selective impairment of spatial reversal acquisition
without differences between transitions at the previous location. A possible explanation could lie
in differential efficiency of strategies used to locate the air puff’s position: egocentric and spatial
learning. Interestingly, a lower number of air puff activations in the control mice than required
during the initial learning was observed on the last day, suggesting indeed the use of spatial
learning strategies in sham-inject control mice. However, aCB1KO mice seem to have no
beneficial effect of the previous memory and thus, likely employing egocentric learning strategies.
Importantly, no changes in spatial working memory were observed during the initial learning and
in the Y-maze (Figure 3.24). Surprisingly, aCB1KO mice seemed to learn the new position of the
aversive stimulus over time, as illustrated by the decrease in air puff activation during the time
course of the exploration. The retention memory concerning the novel air puff location was not
examined in these experiments but could provide interesting information.

The suggested different learning strategies have a distinct efficiency during spatial reversal
learning. O’Keefe and Nadel (1978) postulated that hippocampal place cells are important for
spatial but not egocentric learning strategies. Many studies since have reported effects of
hippocampal-dependent disruption of spatial reversal learning (Balschun et al., 2010; Dong et al,,
2013; Duffy et al,, 2008; Oliveira et al., 1997). Using the Morris water maze (MWM) and MRI
imaging of the functional connectivity, it has been shown that mice during the early acquisition
days of the task rely on nonspatial strategies. However, extended training and reversal learning
required spatial strategies (Shah et al., 2019). Interestingly, the dorsal hippocampus has been
described to regulate stimulus-related responses, i.e., egocentric learning (Kleinknecht et al,,
2012; Stevens and Cowey, 1973). In contrast, the ventral hippocampus mediates response-
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related approaches and strategies. Thus, processing by the ventral hippocampus will result rather
in general rules and strategies in how to respond to the air puff. In line with this hypothesis is the
finding that acquisition of the platform location in a water maze was unaltered by lesions to the
ventral hippocampus (Kleinknecht et al., 2012). But an impaired to solve a water-cross maze task
during reversal learning, which requires the use of spatial strategies, was found. Investigating the
use of different learning strategies in sham-injected control and aCB1KO mice in solving spatial
tasks could shed some light on the underlying mechanism of the observed effect. Learning
strategies can be, for instance, investigated with a T-maze. During training, a reward is placed in
the right arm. After several trials, the mouse will learn this. However, to examine if the mouse
remembers the direction or location of the reward, a probe trial is performed. Here, the maze is
turned by 180°. If the mouse used a spatial strategy to learn the reward location, it will enter the
left arm in anticipation of the reward. However, if the mouse used egocentric learning strategies
to solve the task it will enter the right arm. Subjecting animals with a localized knock-out of CB1
receptors in astrocytes in either the dorsal or ventral hippocampus might aid to unravel the
differential contribution of these subregions in spatial reversal learning and the use of different
learning strategies between aCB1KO and sham-injected mice.

While the relevance of the hippocampus in spatial reversal learning is well-studied, the molecular
mechanism is poorly understood. Some studies have postulated a relevance of GluN2B- and D-
serine-depending LTD (Dong et al., 2013; Duffy et al., 2008), others have hypothesized a central
role for LTP (Balschun et al,, 2010). Inhibitory activity provides another important mechanism in
gaining meaningful output of the CA1 microcircuit. Accordingly, in vivo studies have shown
regulation of place cells by inhibition. Somatostatin-positive cells regulate the switch to burst
firing, while parvalbumin-positive interneurons regulate phase precision (Royer et al., 2012).
Additionally, place cell remapping requires disinhibition (Schoenenberger et al., 2016) and
spatially uniform inhibition regulates place field precision (Grienberger et al., 2017).

How could the uncovered feedback loop influence spatial reversal learning on a molecular level?
The introduction or removal of an air puff or other aversive stimulus leads to reorganization of
place cells in the hippocampus (Moita et al., 2004; Okada et al., 2017). Interestingly, dendritic
targeting interneurons play an essential role in this process (Lovett-Barron et al., 2014). They
postulate that the aversive stimulus induced suppression of selectively perforant path inputs by
OLM interneurons is required for contextual fear learning. Accordingly, a reorganization in
response to spatial reversal of the air puff location would be expected under control conditions.
An impairment of this reorganization in the knock-out mice would explain the decrease in
aversive spatial reversal learning. Endocannabinoids have been described to be a powerful
regulator of the inhibitory balance underlying place cell assembly (Dubruc et al, 2013). An
interesting relevance of D-serine for reversal learning has been suggested as well (Labrie et al,,
2009). Using a contextual feat memory task, the authors found that increasing the concentration
of D-serine by reducing the activity of the degrading enzyme resulted in increased adaptive
learning in response to changing conditions. However, to my knowledge, no study has
investigated the impact of D-serine or NMDA receptor co-agonist binding site occupancy on place
cell formation or reorganization. Recording place cell activity in vivo through implanted tetrodes
or in vivo calcium imaging either with the application of D-serine or using sham-inject control
and aCB1KO mice could yield more information on NMDA receptor co-agonist dependent place
field organization and restructuring.
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4.11 UNIVERSAL ROLE OF THE FEEDBACK LooOP

My thesis describes a positive modulation of supralinear dendritic integration by a signaling
cascade that requires neuronal activity, endocannabinoid mobilization, activation of astrocytic
CB1 receptors and the release of D-serine. This feedback loop was studied and characterized in
the stratum radiatum of the hippocampus. An important question to consider is, whether these
findings can be transferred to other strata or brain regions. The relevance of nonlinear dendritic
integration in behavioral output has been found not only in the stratum radiatum of the
hippocampus but also in the stratum lacunosum moleculare and in several cortical regions
(Cichon and Gan, 2015; Grienberger et al, 2014; Lavzin et al, 2012; Palmer et al, 2014;
Ranganathan et al., 2018; Sivyer and Williams, 2013; Smith et al.,, 2013; Xu et al., 2012). Dynamic
regulation of NMDA receptor co-agonists release from astrocytes would provide a powerful
regulation in these behavioral paradigms. However, neuronal organization, inhibition and
rhythmic activities differ within the brain. Moreover, it is established that astrocytes are a
heterogenous cell population (Haim and Rowitch, 2017; Khakh and Sofroniew, 2015). Between
the stratum radiatum and stratum lacunosum moleculare astrocytes show differences in density,
morphology and expression patterns (Batiuk et al., 2020; Hsu et al., 2011; Jinno, 2011; Ogata and
Kosaka, 2002). Between different brain regions these differences are even more pronounced
(Batiuk et al.,, 2020; Chai et al,, 2017; D’Ambrosio et al., 1998; Lanjakornsiripan et al., 2018; Miller
et al, 2019; Morel et al,, 2017, 2019; Takata and Hirase, 2008). Furthermore, the fraction of
synapses adjacent to astrocytic processes varies between brain regions (Bernardinelli et al,,
2014; Reichenbach et al,, 2010; Ventura and Harris, 1999; Witcher et al., 2007). Consequently,
diverse recruitment of astrocytic D-serine release in response to region-specific neuronal activity
is an interesting hypothesis that needs to be explored.

Along a similar line of thought, also differences in the feedback loop along the dorso-ventral axis
of the hippocampus should be considered. Evidence suggests functional and molecular
differences within the hippocampus (Cembrowski et al., 2016; Dougherty et al,, 2012, 2013;
Kouvaros and Papatheodoropoulos, 2016; Malik and Johnston, 2017; Marcelin et al.,, 2012;
Papatheodoropoulos and Kostopoulos, 2000). For instance, it has been shown that HCN channel
expression and I, contribution differ between the ventral and dorsal hippocampus, resulting in a
depolarized membrane potential, decreased temporal summation and increased resonance in the
former (Dougherty et al., 2013; Marcelin et al., 2012). Similarly, an increased expression of the A-
type potassium channel Kv4.2 is observed along the dorso-ventral axis, promoting AP
backpropagation differentially (Marcelin et al., 2012). These differences might permit neuronal
activity in the theta frequency band to more strongly backpropagate into the dendritic arbor of
ventral CA1 PCs and evoke the mobilization of endocannabinoids more potently. Interestingly, a
recent study showed different integrative properties along the dorso-ventral axis (Malik and
Johnston, 2017). While dendritic plateau potential initiation in the dorsal hippocampus requires
precisely-timed input in both strata, they could be evoked by temporally dispersed excitatory
inputs in the ventral hippocampus. This could potentially be regulated by differential inhibition
and could be an important factor in the decreased spatial definition of place fields along the
dorso-ventral axis (Jung et al.,, 1994). Since the feedback loop was uncovered in the ventral
hippocampus, it cannot simply be assumed that the same mechanisms are recruited with the
same efficacy in the dorsal hippocampus. To conclude whether this cascade can be recruited
throughout the hippocampus, an experimental examination is required.
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Another important consideration when speculating about a universal role of the discovered
feedback loop is the amount of neuronal depolarization required for the production and
mobilization of endocannabinoids. The present study focused on AP firing of an ensemble of
neurons ranging from 20-80 %. However, other studies have shown that changes in
gliotransmission can be regulated heterosynaptically (Chen et al., 2013a; Navarrete and Araque,
2010; Serrano et al., 2006; Zhang et al., 2003). This means that as little as a single neuron was
able to evoke alterations in astrocytic calcium, leading to an increase in synaptic transmission in
one and a decrease in another neuron. Notably, astrocytes cover nonoverlapping territories
(Bushong et al., 2002; Halassa et al., 2007). This means that a single astrocyte will be in contact
with several hundred dendrites located in the same area but originating from different neurons.
It is estimated that a single astrocyte territory contains between 20 000 to 160 000 spines. It is
an interesting question at which scale (whole territory, small microdomain, around one dendritic
segment) endocannabinoid mobilization and the release of D-serine can be and are recruited.
Similarly, it is important to determine whether other neurotransmitters, like dopamine,
glutamate or GABA, can recruit the release of D-serine and with which potency, when this release
is recruited and whether it influences the same or distinct behavior.
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5 CONCLUSION

My thesis investigated the role of astrocytes in the modulation of dendritic integration and its
behavioral relevance. Astrocytes can modulate NMDA receptor recruitment via the uptake of
glutamate from the synaptic cleft and through the supply of the NMDA receptor co-agonist D-
serine. My results revealed a negative relationship between the spine size and the efficacy of local
glutamate uptake. The decreased efficacy of glutamate clearance might further underlie the
increased probability of dendritic spike induction selectively at large, mushroom-like spines.
Furthermore, [ determined that supralinear dendritic integration with dendritic spikes in the
apical oblique dendrites and dendritic plateau potentials of CA1 pyramidal cells can be modulated
by the NMDA receptor co-agonist D-serine. In contrast, such modulation was not possible for
linear dendritic integration without dendritic spikes. Since calcium transients underly the release
of D-serine from astrocytes, the influence of the local resting calcium concentration on its shape
was investigated. The presented results showed a positive relationship between the local pre-
event and the peak calcium concentration. Interestingly, the pre-event concentration scaled
negatively with the amplitude. Because of the power law relationship between calcium and
vesicular release, this universal rule suggests that relatively small increases in the local resting
calcium concentration result in larger local peak concentrations and hence, could cause even
larger changes in the release of gliotransmitters. Thus, changes in the local resting calcium
concentration in astrocytes, which are observed in response to neuronal activity, toxic deposits
and pathophysiological changes in ion homeostasis, can affect synaptic transmission through the
modulation of gliotransmitter release.

In addition, I characterized the conditions under which D-serine release from astrocytes is
recruited and positively modulates supralinear dendritic integration in apical oblique dendrites.
This led to the discovery of a previously unknown feedback loop linking neuronal network
activity to supralinear dendritic integration in the same region (Figure 5.1). Activity of CA1l
pyramidal cells in the theta frequency range can cause depolarization that backpropagates into
the apical oblique dendrites. This requires the presence of hyperpolarization-activated and cyclic
nucleotide-gated channels. Locally in the dendrites, the depolarization stimulates the production
and mobilization of endocannabinoids. Those endocannabinoids bind to astrocytic CB1 receptors
and cause an increase in the intracellular calcium concentration and transient frequency. This in
turn results in an increase of the D-serine concentration within the territory of the astrocyte.
Consequently, NMDA receptor recruitment will be increased promoting dendritic spike initiation
during synchronous activation of spatially clustered synapses. Because of their decreased
induction threshold and increased amplitude, the activation of the same number of synapses will
now result in a higher chance of neuronal output in form of action potentials and/or possibly, a
switch to burst firing through the increased, slow, NMDA receptor-mediated component of the
dendritic spike. Proper spatial learning and memory require this signaling cascade, as disruption
of it led to an impairment of object memory and aversive spatial reversal learning in mice. The
latter suggests that astrocytic CB1 receptors have a central role in cognitive flexibility.

To better understand the implications of the uncovered feedback loop on spatial learning abilities
of mice, exploring the place cell activity and precision in dependence of astrocytic CB1 receptors
can be an important step. Furthermore, identifying other astrocytic signaling cascades resulting
in an increase of intracellular calcium that can modulate dendritic integration could aid our
understanding of the dendritic computations performed by pyramidal cells.
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Figure 5.1. Cartoon illustrating the positive feedback loop between pyramidal cell network activity and their dendritic
integration. Pyramidal cell activity in the theta frequency range (red) propagates in to the dendritic tree, causing the release of
endocannabinoids (eCB, purple). These evoke an increase in the astrocytic calcium concentration through CB1 receptors (orange).
Because of the elevated calcium an increased release of D-serine takes place (magnifying glass, orange at synapse). This leads to an
increase recruitment of NMDA receptors and thus, promotes the supralinear dendritic integration of another pyramidal cell (blue).
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7 APPENDIX

7.1 ABBREVIATIONS

AChR
2-AG
aCB1KO
aCSF
AEA
Al
AMPA
AP
ATP
bAP
CA
CaMKII
CB
CCK
DAAO
DI

DSE
DSI
EAAT
EPSP
fEPSP
FWHM
GABA
GFAP
GLAST
GLT1
HCN
HEK cells
iL.p.

Ia
iEPSP
In
iLTD
1P3
IQR

acetylcholine receptor

2-Arachidonoylglycerol

astrocyte-specific cannabinoid receptor 1 knock-out
artificial cerebrospinal fluid

anandamide

alternation index
a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
action potential

Adenosine triphosphate

backpropagation action potential

cornu ammonis

calcium/calmodulin-dependent protein kinase II
cannabinoid

cholecystokinin

D-amino acid oxidase

discrimination index

depolarization-induced suppression of excitation
depolarization-induced suppression of inhibition
excitatory amino acid transporters

excitatory postsynaptic potential

field excitatory postsynaptic potential

full-width at half maximal amplitude
y-aminobutyric acid

glial fibrillary acidic protein

glutamate aspartate Transporter

glutamate transporter 1
hyperpolarization-activated cyclic nucleotide-gated
human embryonic kidney 293 cells

intraperitoneal

A-type K* current

iontophoretic excitatory postsynaptic potential
hyperpolarization-activated current
heterosynaptic, presynaptic, endocannabinoid-dependent LTP of inhibitor synapses
inositol trisphosphate

interquartile range
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LTD
LTP
mGluR
MWM
NMDA
NORT
OLM
OLT
PAPs
PBS
PC
REM
Rm
ROI
SEM
SICs
SNARE
SWsS
THC
TRPA1
TTX
VGCC
VGSC
Vi

Tm

long-term depression

long-term potentiation
metabotropic glutamate receptors
Morris water maze
N-Methyl-D-aspartate

novel object recognition task
oriens-lacunosum moleculare
object location task

perisynaptic astrocytic processes
phosphate-buffered saline
pyramidal cell

rapid eye movement

membrane resistance

region of interest

standard error of the mean

slow depolarizing inward currents
soluble NSF attachment protein (SNAP) receptor
slow-wave sleep
tetrahydrocannabinol

transient receptor potential ankyrin 1
tetrodotoxin

voltage-gated calcium channel
voltage-gated sodium channel
resting membrane potential

membrane time constant

166



Appendix

7.2 LIST OF FIGURES

Figure 1.1. Schematic overview of the triSyNaptic CIICUIL. ... oerrerreereee s ssesssesssssssesssssnsenes 1
Figure 1.2. Schematic of the CAT MICTOCITCUIL. ciuurerreeiessecreeeseesseerseesseesssesssesssssssessssessesssessssss st s sssssssssssssssssssssssssases 3
Figure 1.3. Schematic Of the NIMDA FECEPLOT. c.ruurerreereesseerseesseesssesssesssesssesssessssssssesssasssssssssssssssssssssssssssssssssassssssssssssssssssssnes 7
Figure 1.4. Dendrites integrate inputs differentially depending on the spatial and temporal pattern of

1101 01U PP 18
Figure 1.5. Precisely-timed input evokes dendritic plateau potential in apical tuft dendrites..
Figure 1.6. AStroCyte MOTPROLOZY. ..ocerreereerreureerreesssesseesseessessssessssessessssssssssssess s ssssssssss s sssass s s sass s s s s e s s s s sssnees 22
Figure 1.7. [llustration of astrocyte functions at the SYNaPSe. ... sessesssessssssssssssssssssseses 23
Figure 1.8. Activation of CB1 receptors increases astroCytiC CaZ™. ......mememessmeessessssssssssssessssssssessssssssssseses 30
Figure 2.1. [llustration of dendritic integration analysis. ... ssssssessessssssssssssssssssssseses 38

Figure 2.2. [llustration of a population Spike.......ceneenmeennrersneesneesecrsneens
Figure 2.3 Illustrations of the mazes used for behavioral experiments
Figure 3.1. Correction of Spearman’s rank correlation coefficient R for correlations obtained with the
fluorescent proteins GCaMP5g and tATOMALO......ocueueereesseesserseesseessesssesssssssessssssssesssssssasssssssssssssssssssssssssssssesans 49
Figure 3.2. The local resting calcium concentration determines the peak and amplitude of astrocytic
calcium transients

Figure 3.3. Locomotion-associated calcium transients in awake MiCe. .....couermeenmeemeessnessmeessesssseessessseessesseees 52
Figure 3.4. Spatial extent of microiontophoretic StMUIAtION. ......cceeeeeinreseeeeereseer s eessesseens 55
Figure 3.5. Dendrites of CA1 pyramidal cells have different modes of integrating input. ........ccocceseereeerneereen: 57
Figure 3.6. Stable evocation of dendritic spikes by microiontophoresis stimulation. .........oneeneeeneeesneeneens 59
Figure 3.7. Spine size predicts of the mode Of INtEGratioN. ... eerrereerrreennreseesssseseeseeeseessess s sess s ssssessesssssssees 61
Figure 3.8. Small spines of CA1 pyramidal cells are more affected by blockade of glutamate clearance..... 62
Figure 3.9. The role of NMDA receptors in linear dendritic int@gration. ... ereseeesmeesseesseesssesssesseesssessseees 65
Figure 3.10. NMDA receptors play a key role in nonlinear dendritic integration. .........cesmeesmeeseeesseeseens 66
Figure 3.11. The GluN2B subunit is important for nonlinear dendritic integration.........nmeesseesseeesneeneens 67
Figure 3.12. The NMDA receptor co-agonist D-serine promotes supralinear dendritic integration. ............ 68
Figure 3.13. Calcium plateaus in the apical tuft dendrites can be modulated by co-agonist supply.............. 70
Figure 3.14. Activation of CB1 receptors promotes dendritic integration via NMDA receptor co-agonist. 72
Figure 3.15. Depolarization of a single cell is insufficient to strengthen dendritic integration. ........ccoueeuneee. 73
Figure 3.16. Alveus stimulation recruits a subset of CA1 pyramidal cells axonally........coemeenmeesmeeseeesseesseens 75
Figure 3.17. Alveus stimulation promotes astrocytic CaZ* transients via CB1 receptors......eeenmeesneens 76
Figure 3.18. Pyramidal cell activity promotes supralinear dendritic integration in a frequency-dependent
00T 1441 o 78
Figure 3.19. Astrocytic CaZ* transients are evoked by pyramidal cell activity at 10 Hz but not 40 Hz. ........ 82
Figure 3.20. HCN channels are a key mediator in the frequency-dependent modulation of nonlinear
Lo 1<) 016 Lo 1o ol DN o3 = L o) o VOSSP 84
Figure 3.21. Knock-out of CB1 receptors selectively in aStroCytes. ..o emeeseeenseesseesssssssesssessssesssessssssssssseees 86
Figure 3.22. Astrocytic CB1 receptors are essential for facilitation of supralinearity.......eeeereesneesneens 89
Figure 3.23. Astrocytic CB1 receptors do not influence exploratory behavior in the open field.................... 91
Figure 3.24. Astrocytic CB1 receptors do not influence spatial working memory......c.oenmeesmeeseessseesseens 92
Figure 3.25. Astrocytic CB1 receptors mediate object recognition and location memory. .......ccoeeereeerneereens 93
Figure 3.26. Astrocytic CB1 receptors selectively influence reversal memory in a passive place avoidance
L 1] 95
Figure 5.1. Cartoon illustrating the positive feedback loop between pyramidal cell network activity and
180 L) U ga (=3 0T b o (ol D=7 oy o U (o) o FOE TP PO TP 124

167



Appendix

7.3 LIST OF TABLES

Table 1. Transgenic mice strains, their background and reference. ... eeeenseeeeseessesseesssessesssessnes 34

Table 2. Pyramidal cell activity transiently promotes supralinear dendritic integration via CB1 receptor
and the NMDA receptor CO-agoniSt D-SEIINE. .....c.oeeereesseessseesseessesssssssesssessssssssesssessssssssesssessssssssassssssssssssassanes 80

Table 3. Properties of CA1 pyramidal cells in wild type, sham-injected and aCB1KO mice.......ccccorueerreereeens 87

168



Acknowledgements

ACKNOWLEDGEMENTS

First of all,  would like to thank Professor Dr. Christian Henneberger for the opportunity to work
on this exciting project in his laboratory. His guidance, his fruitful discussions and enthusiasm for
the project have made my doctoral studies very enjoyable. I am fortunate to have such an
understanding and supportive supervisor.

Many thanks also to Professor Dr. Michael Hofmann for being the second referee of the
examination committee and for investing his time and effort in reviewing my dissertation. [ would
also like to thank Professor Dr. Walter Witke and Professor Dr. Ulrich Ettinger for their
participation in my examination committee.

Additionally, I would also like to express my sincere thanks to my collaborators: Professor Dr.
Heinz Beck was a great help throughout the entire project, both personally and professionally.
The collaboration during the behavior experiments with him, Rebekka Zdlzer and Thoralf Opitz
were crucial for the project and very gratifying. I would also like to thank Nicola Masalla and Toni
Kelly for the constructive criticism and collaboration regarding the dendritic integration project.
Furthermore, I would like to thank Professor Dr. Gabor Petzold, Dr. Andrea Delekante and Dr.
Cordula Rakers for their collaboration on the astrocyte resting calcium project.

Special thanks go to the members of my workgroup Alberto, Anne, Bjorn, Catia, Charlotte, Claire
K., Claire S., Daniel, Eva, Katharina, Michel, Nariman, Petr, Stefan and Steffi. You created a unique
work environment with your endless support, fruitful discussions and understanding. I enjoyed
the time in and out of the lab, at conferences and retreats a lot.

Next, [ would like to say thank you to Professor Dr. Steinhduser for his support and productive
discussions. Being part of the Institute of cellular Neurosciences created a great backbone for the
project. I am very thankful for PD Dr. Gerald Seifert’s expertise on breeding and countless
genotyping of the transgenic animals as well as Tomas Erdmann for his organizational support.
Of course, I also like to express my thanks to all other members of the institute: Aline, Camille,
Delaware, Ines, Julia, Lukas, Magda, Peter, Ronald, Silke, Steffi G., and Tushar, for such a great
atmosphere, enjoyable conversations, interesting discussions, countless sweets and fun retreats.

Words are inadequate to express the gratitude I have for my friends for joining me on this
journey. You have been patient and understanding throughout the years. Thank you for keeping
me sane.

Tom and Ina, you kept me going through better and worse. With good meals, better wine, great
conversations and countless laughs in a very enjoyable company but also with a helping hand
when needed you supported and helped me. [ am thankful to have you both in my life.

Wiebke, my best, my oldest, my closest. You are my cheerleader, my teddy bear, my psychologist
and that all for more than half of our life. We have been separated through borders, continents
and oceans. Nevertheless, you are always there when [ need you. Thank you for also sticking
around for this journey. I am already looking forward to the next one!

The last paragraphs are dedicated to my family. Jan-Eric and Kamila, you have always been there
when [ needed you, whether it was through moral support, distraction or just lending an ear. You
are the best brother and sister(-in-law) I could have wished for.

169



Acknowledgements

Papa, although you were neither around anymore to see me start nor finish my thesis, you paved
the way for me to get here. I did it and I could have not done it without your help.

Special thanks go out to my mom. Although you do not really understand what I am doing, you
never question it and always support me going my way. Especially your help during the recent
months made an unexpected, otherwise impossible situation productive and enjoyable. Thank
you for this.

Most importantly, [ would like to thank my son Fiete. You denominated the second half of this
project by enforcing a healthy work-life balance, provided useful distractions and countless
reasons to laugh and enjoy. But even more importantly, you also did your part in this process,
even though you might not understand it yet. By sleeping through the night, enjoying your
daycare and spending time with your grandma, you gave me the time and mind I needed to
complete this project. I could not have done this without you. You are my sunshine at the end of
every (rainy) lab day.

170



